REMARKS 

Claims 1-3, 10-19, 36-38 and 42-50 are pending and under consideration. With this Amendment, 
claims 1 - 3, 10 - 17, 38, 42 - 43, 45 - 50 are being canceled; claims 51-70 are being added; and claims 
18, 19, 36, 37, and 44 are being amended. Thus, after entry of this Amendment, claims 18-19, 36-37, 
44, and 51 - 70 are pending and under consideration. The amendments to the specification and claims 
and the various rejections raised in the Office Action are discussed in more detail below. 

The Specification Amendments 

Although redundant over the priority claim timely made in applicants 5 application data sheet, 37 
C.F.R. § 1.76, in an abundance of caution applicants have added an explicit recitation of the priority claim 
to the specification. No new matter has been added. 

The definition of rhodobacteriochlorin at lines 23 - 25 on page 1 of the specification has been 
amended to correct the location of one of the 4 methyl groups, from position 8 (which is correctly 
reported in line 25 to have an ethyl, rather than methyl, substituent), to position 18. The location of each 
of ti e four methyl groups is correctly and unambiguously shown in reaction scheme 1 on pages 37 — 38. 
This clerical amendment adds no new matter. 

The specification has also been amended to correct the reference number ascribed to the 
compound, Pd-Bpheid, at line 31 on page 20. The correct reference number is unambiguously provided 
on page 19, line 34. This clerical amendment does not introduce new matter. 

The Amendments To The Claims 

The claims have been amended to focus prosecution on a single species of bacteriochlorophyll | 
derivative, palladium 3 1 -oxo-15-methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, 
which is designated in the specification as compound 4. 

Claims 18 and 51 - 53 are drawn to the compound per se. Independent claim 18, as amended 
herein, now recites: 

18. Palladium 3 1 -oxo-15-methoxycarbonylmethyl- 
rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, or pharmaceutically 
acceptable salt thereof. 

Claims 51-52, which depend directly or indirectly from claim 18, further limit the counterion in the salt, 
with claim 53, in independent form, drawn to the dipotassium salt. Claim 53 is identical in scope to 
original claim 18. Exemplary support for these claims can be found in original claim 18 and in the 
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specification at page 20, lines 1-2; Example 1; and page 1 1, lines 29 - 3 1, the latter of which provides 
specific support for various of the cationic counterions. 

Claim 19 is drawn to pharmaceutical compositions comprising the compound of claim 18. 
Claim 19 has been amended by deleting the adjectival modifier, "bacteriochlorophyll", for increased 
clarity, and has been amended to adjust its dependency, consequent to cancellation of claim 1 . Exemplary 
support can be found in original claim 19, and in the specification additionally at page 6, line 30 - page 7, 
line 2; and in the in vivo studies reported beginning at page 30, line 6. 

Claims 36 and claims 54 - 67 are drawn to methods of using the compound of claim 1 8 for 
vascular-targeted photodynamic therapy (VTP) of tumors. Claim 36 is independent; each of claims 54 - 
67, newly added by amendment herein, depends directly or indirectly from claim 36. Claim 36, as 
amended herein, now reads: 

36. A method for vascular-targeted photodynamic therapy 
(VTP) of a tumor, which comprises: 

(a) administering the compound according to claim 18 to an 
individual having a tumor; and 

(b) irradiating the local area of the tumor with light. 

Claim 36 has been amended (/) to depend from claim 18, (z7) to ensure proper antecedent basis for 
recitation of "tumor" in step "(b)", and (Hi) to clarify that in this method of "^/zo^dynamic therapy", the 
local irradiation is irradiation with light. The other amendments, including deletion of the adjectival 
modifier, "bacteriochlorophyll", are for increased clarity. Exemplary support can be found in original I 

claim 36 and throughout the specification. Each of new claims 54 - 63 depends directly from claim 36; 

i 

further reciting the type of tumor to be treated. Exemplary support for these claims can found in the 
specification at page 16, lines 7-10, and Examples 14-17. Claims 64 and 65 respectively depend 
directly and indirectly from claim 36, further specifying that the photosensitizing compound is 
administered systemically (claim 64), and more specifically, intravenously (claim 65). Support for 
claims 64 and 65 may be found, e.g., at page 17, lines 9 - 12 of the specification. Claim 66 depends 
directly from claim 36 and recites that "the irradiation wavelength approximates an absorption maximum 
of the [administered] compound." Support for this limitation can be found throughout the specification^ 
and particularly at page 17, lines 13-16. Claim 67, which depends from claim 66, further recites that the 
wavelength used to irradiate the tumor is about 670 - 780 nm. Specific support may be found, e.g., at 
page 18, lines 18 - 21 of the specification. 

Claim 37 is drawn to a method of using the compound of claim 18 for treating age-related 1 
macular degeneration (AMD). As amended, claim 37 recites: 

Serial No. 1 0/534,692 Page 7 of 33 15769302.1. business 



37. A method for photodynamic therapy of age-related macular 
degeneration by vascular occlusion, which comprises: 

(a) administering the compound according to claim 18 to an 
individual in need thereof; and 

(b) irradiating the local area of the macular degeneration with 

light. 

Claim 37 has been amended to depend from claim 1 8 rather than claim 1 and, in fashion analogous to 
claim 36, has also been amended for clarity. Support can be found, inter alia,, in original claim 37. 

Claim 68 is new and is drawn to methods of using the compound of claim 1 8 for treatment of 
benign prostatic hypertrophy. Claim 68 reads: 

68. A method of treating benign prostatic hypertrophy by 
vascular-targeted photodynamic therapy, comprising: 

(a) administering the compound according to claim 18 to an 
individual having benign prostatic hypertrophy; and 

(b) irradiating the local area of the prostate with light. 

Exemplary support can be found in the specification at page 16, lines 32 - 33. 

Claim 70 is new, and is multiply dependent from method of treatment claims 36, 37, and 68, 
further specifying that the pharmaceutically acceptable salt of the compound according to claim 18 is the 
dipotassium salt. 

Claims 44 and 49 recite methods of synthesizing compound 4. Claim 44, as amended herein, i 

recites: 

44. A method for preparation of a pharmaceutically 
acceptable salt of palladium S^oxo-lS-methoxycarbonylmethyl- 
rhodobacteriochlorin ^-^-sulfoethyl) amide, which comprises: 
(i) reacting Pd-bacteriopheophorbide a with taurine of the formula H 2 N- 
(CH 2 ) 2 -S0 3 H in a buffer containing a pharmaceutically acceptable 
cation; and (ii) isolating the compound. 

Claim 44 had earlier depended from claim 43, drawn to a "method for the preparation of compounds of 
formula II"; it has been rewritten in independent form to account for cancellation of claim 43. The claim 
has been further amended to broaden the scope of permissible buffer cations so that the claimed method 
results in synthesis of salts of compound 4 commensurate in scope with claim 18. Claim 49, which | 
depends from claim 44, is drawn specifically to preparation of the dipotassium salt, and is commensurate 
in scope with claim 44 prior to the amendments made herein. Exemplary support for these two claims 
can be found in original claims 43 and 44, Example 1 , and page 1 1 , lines 29 - 3 1 . 

As noted above, the various amendments focus prosecution on compound 4, with claims drawn to 
the compound per se 9 pharmaceutical compositions comprising the compound, methods for using the 



Serial No. 10/534,692 



Page 8 of 33 



15769302.1.BUSINESS 



compound, and methods for its synthesis. The amendments have been made solely to expedite 
prosecution of a species that is currently of particular commercial interest to applicants; the amendments 
have been made without acquiescence to the rejections or prejudice to applicants' pursuit of claims 
iden tical to those canceled or amended, or claims of commensurate scope, in one or more continuation 
applications. 

No new matter has been added. 

Sup plemental IDS 

Applicants file concurrently herewith a Supplemental IDS that cites several categories of 
documents: (/) references identified in applicants' specification that had not formally been made of record 
(cite nos. A2 and C4 - C9); (if) references cited in an office action in the Japanese counterpart of the 
instant application (cite nos. B2-B6, C10-C12); (Hi) the three exhibits specifically discussed in this 
response (cite nos. CI - C3); (fv) Bommer et al, U.S. Pat. No. 5,004,81 1, the disclosure of which is 
further discussed in various sections below (cite no. Al); and (v) an English language translation of the 
German language reference DE 4121876 Al that has been applied in the currently outstanding rejections 
(cite no. Bl). 

Objections to the claims 

Objection to claims 45-50 for recitation of "corresponding" has been obviated by cancellation of 
the respective claims. 

Rejections under 35 U.S.C. S 112, f 2 

Claims 1 - 3, 10 - 19, 36 - 38 and 42 - 50 stand rejected under 35 U.S.C. § 1 12, 1 2 as indefinite, 
based on recital of "residue of an amino acid, peptide or protein." The rejection has been obviated by , 
amendment. 

Rejections Under 35 U.S.C. S 102(fr) 

All of the examined claims stand rejected as anticipated under 35 U.S.C. § 102(b) by each of four 
references: (1) Scherz et al, WO 97/19081 ("WO '081") ; ; (2) Scheer et al., WO 01/040232 
("WO <232") 2 ; (3) Scherz et al, WO 00/33833 ("WO '833") 5 ; and (4) Scheer et al, DE 4121876 
("DE '876"). 

1 The U.S. national phase counterpart of WO '081 issued as U.S. Pat. No. 6,333,319. 

2 The U.S. national phase counterpart of WO '232 issued as U.S. Pat. No. 7,169,753. 
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Applicants have now focused the claims on the species of compound 4. None of the four 
references discloses this chemical species. In addition, as further elaborated at length below, none of 
these references discloses a genus that includes compound 4. Because compound 4 is excluded from the 
disclosed genera, none of these references can be said to have constructively disclosed the species by 
disclosure of a genus from which one might "at once envisage" the specific compound within the generic 
chemical formula, In re Petering, 301 F.2d 676, 133 USPQ 275 (CCPA 1962)/ Because none of the 
references discloses each and every element of the present claims, none of the references anticipates 
applicants' now-pending claims, and the rejections under 35 U.S.C. § 102(b) should be withdrawn. 

Compound 4 

To facilitate the more detailed discussion that follows, the structure of compound 4, palladium 3 1 - 
oxo-15-methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, is presented immediately 
below, shown in its un-ionized state with the tetrapyrrole ring atoms numbered according to standard 
IUPAC nomenclature, which will be adhered to throughout the following discussion. 



The U.S. national phase counterpart of WO c 833 issued as U.S. Pat. No. 6,569,846, and a 
divisional thereof issued as U.S. Pat No. 7,045,1 17. 

4 See MPEP §2131.02 (8th ed., rev. 6). 



HO 
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WO '081 

WO '081 does not disclose applicants' compound 4. Neither does WO '081 disclose a genus that 
includes compound 4. 

WO '081 discloses processes for preparing metal-containing ("metalated") bacteriochlorophyll 
derivatives by transmetalation. In each case, the metalated bacteriochlorophyll derivatives so prepared 
are esterified at the 17 3 position: 

[t]he present invention thus relates to a new process for the preparation 
of synthetic metalated bacteriochlorophyll derivatives of the formula 
[M]-BChl wherein BChl represents the residue of a demetalated natural 
or synthetic bacteriochlorophyll derivative carrying at position 17 3 a 
group -COOR! wherein Ri is a C1-C25 hvdrocarbyl residue . . . . 

WO '08 1, page 5, lines 20 - 26 (emphasis added). Although the method is applied to the preparation of 
seve ral different metalated BChl genera, in no case is Ri permitted to be hydrogen . As a consequence, 
none of the genera disclosed in WO '081 includes applicants' compound 4. 

In greater detail, WO '081 discloses that "the process of the invention is applied to the 
preparation of metalated BChl derivatives of the formula I, II, or III: 

i n in 




wherein R i is a C r C^ hvdrocarbyl residue ...." WO '081, page 6, line 10-page 7, line 11 (emphasis 
added). 

"From the above [M]-BChl derivatives of formulas I, II and III further derivatives can be 
obtained by transesterification at position 17 3 and thus, in another aspect, the invention relates to a 
process for the preparation of compounds of the formulas F, II' and III': 
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r ir in' 




wherein R'i is selected from the group consisting of: (i) a Ci-Cg hydrocarbyl residue optionally 
substituted by halogen, oxo (=0), OH, CHO, COOH, 5 or NH 2 , or such a residue interrupted by one or 
more heteroatoms selected from O, S and NH, or by a phenyl ring. . . WO '081, page 7 line 21 - page 8, 
line 29 (emphasis added). See also WO '081, page 1 1, lines 1 1 - 22. "Further modifications in the 
periphery of the tetrapyrrole ring system" are described at WO '081 page 12, lines 10-26, but none of 
these further modifications permit Ri or R'i to be hydrogen. 

Further structural differences that exclude applicants' compound from the scope of the genera 
disclosed in WO '081 include the fifth ring in WO '081 formulae I, I\ III, and IIP, and the absence of an 
amide at 13 1 in the four-ring tetrapyrrole genera of formulae II and IF. 

To anticipate a claim, a prior art reference must disclose each and every element of the claimed 
invention, either expressly or by inherency. Verdegaal Bros. v. Union Oil co. of California, 814 F. 2d 
628 ; 2 USPQ2d 1051, 1053 (Fed. Cir. 1987). \ 

Claims 18 and 51 - 53 as now pending are drawn to compound 4, palladium 3 1 -oxo-15- 
metlioxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, and various pharmaceutically 
acceptable salts thereof. WO '081 does not disclose the species of compound 4. Neither does WO '08 1 
disclose a genus that includes compound 4, and the reference cannot, as a consequence, be said to have; 
disclosed a genus from which one might "at once envisage" the specific compound within the generic 
chemical formula, In re Petering, 301 F.2d 676, 133 USPQ 275 (CCPA 1962). Accordingly, claims 18 



Although R'i may permissibly be a single carbon further substituted by COOH, the 17 3 position 
is nonetheless esterified; R'i is not hydrogen. 
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and 51-53, as amended herein, are novel over WO '081. Claim 19 is drawn to pharmaceutical 
compositions comprising the compound of claim 18, and claims 36, 37, and 54 - 68 are drawn to methods 
of using the compound of claim 18. Because WO '081 does not disclose applicants' compound 4, it ] 
cannot and does not disclose compositions that comprise the compound nor methods for the compound's 
use, and claims 19, 36-37 and 54- 68 are not anticipated by WO c 081 . 

Finally, claims 44 and 49 recite methods of synthesizing compound 4, comprising, as a first step, 
reacting Pd-bacteriopheophorbide a with taurine. No such single-step aminolysis reaction with taurine is 
disclosed in WO '081, and claims 44 and 49 are novel thereover. 



WO '232 does not specifically disclose applicants' compound 4, palladium S^oxo-lS- 
methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide. The reference also does not i 
disc lose a genus that includes this compound. 

WO '232 discloses "novel chlorophyll and bacteriochlorophyll derivatives of the general 
formula I: 



and pyre-derivatives thereof wherein the radical COXR4 at position 13 2 is absent...." WO '232, page 5, 
lines 19-29. 

All of the bacteriochlorophyll derivatives within the scope of the disclosed genus include a fifth, 
isocyclic, ring (13-13M3 2 -15-14), absent from applicants' 4-ring compound 4. As in the genera 

disclosed in WO '081, the 17 3 position is always esterified: R 2 is never hydrogen. See WO '232, page 6, 

1 1 
line 5 - page 7, line 4. In addition, there is no 13 amide. The genus disclosed in WO '232 thus excludes 

applicants' compound 4. 



WO '232 




COXR 2 
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WO '232 does not disclose applicants' compound 4, either specifically or by disclosure of a 
genus from which one might "at once envisage" the specific compound within the generic chemical 
formula. WO '232 does not disclose compositions comprising compound 4, methods of using 
compound 4, and WO '232 does not disclose the aminolysis reaction of Pd-bacteriopheophorbide a with 
taurine to synthesize applicants' compound 4. Accordingly, all of applicants' now-pending claims are 
novel over WO '232. 

WO '833 

WO '833 does not specifically disclose applicants' compound 4. The reference also does not 
disclose a genus that includes compound 4. 

WO '833 discloses bacteriochlorophyll compounds derivatized at the 17 position with "a 
substituent capable of allowing an efficient plasma transfer" - that is, efficient blood-borne circulation 
following systemic administration - "and cell membrane penetration," for use in photodynamic therapy. 
WO '833, page 4, lines 18-22. "The invention thus concerns the compounds of formula I, F or I": 

i r i" 




WO '833, page 4, line 25 - page 5. 

In contrast to the genera disclosed in WO '081 and WO '232, the 17 3 position of the genera 
disclosed in WO '833 need not be esterified; as described at p. 6, line 2, "A" can be OH. Indeed, in the 
preferred embodiment, Pd-Bpheid, substituent "A" is hydroxyl: 



Serial No. 10/534,692 



Page 14 of 33 



15769302.1.BUSINESS 



o 

Nonetheless, each of the genera disclosed in WO '833 excludes applicants' compound 4: 
formulae I and F' have five rings, and the four-ring compounds of formula F lack a 13 1 amide. 
Applicants' compound 4 is thus excluded from all three genera disclosed in WO '833. 

Pending claims 1 8 and 5 1 - 53 are drawn to compound 4, palladium S^oxo-l 5- | 
methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, and various pharmaceutically i 
acceptable salts thereof. WO '833 does not disclose compound 4, either specifically or by disclosure of a 
genus from which one might "at once envisage" the specific compound within the generic chemical j 
formula. Claims 18 and 51 - 53 are thus novel over the WO '833 disclosure. Claim 19 is drawn to 
pharmaceutical compositions comprising the compound of claim 18, and claims 36, 37, and 54 - 68 arej 
drav/n to methods of using the compound of claim 1 8. Because WO ' 833 does not disclose applicants' 
compound 4, it cannot and does not disclose compositions that comprise the compound nor methods for 
its use; claims 19, 36-37 and 54 - 68 are not anticipated by WO '833. 

Finally, claims 44 and 49 recite methods of synthesizing compound 4, comprising, as a first step, 
reacting Pd-bacteriopheophorbide a with taurine. WO '833 discloses one of the initial reactants, Pd- 
bacteriopheophorbide a; indeed, Pd-Bpheid a is the preferred embodiment of the WO '833 disclosure. 
Nonetheless, the reference does not disclose the reaction of Pd-Bpheid a with taurine. Currently pending 
claims 44 and 49 are thus novel thereover. 
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DE '876 

DE '876 6 does not disclose the chemical species, palladium S^oxo-lS-methoxycarbonylmethyl- 
rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, applicants' compound 4. 

The reference also does not disclose a genus that includes the compound. 

German patent publication DE '876 describes bacteriochlorophyll derivatives in which modified 
esters at positions 13 2 and 17 3 are obtained by transesterification. Three genera of such derivatives are 
defined by formulae I, II ? and III: 

i h in 

o o 




COOR, R, R 2 O 




COOR, 



COOR^ 
COCOOR 2 




COOR, O 



None of these genera includes applicants' compound 4: the genera defined by formulae I and EG include a 
5 th ri ng; with respect to the 4-ring compounds of Formula II, the 17 3 position is always esterified; Ri is 
never hydrogen 7 . All three genera lack a 13 1 amide. 

"The invention also relates to a method for preparing modified bacteriochlorophylls of the 
general formula la, Ha or Ilia 1 



All citations to DE '876 herein are made with respect to the English language translation 
provided with the supplemental IDS filed concurrently herewith. 

7 DE '876 (translation) p. 3. 
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DE '876, pages 4-5. Although the definition of Ri in these formulae, otherwise the same as for 
compounds I, II, III, "can also denote a methyl, ethyl, ethylene glycol or phytyl group or a residue of a 
diterpine alcohol," DE '876 p. 5, Ri is not hydrogen. 

DE '876 thus does not disclose a genus that includes applicants' compound 4 
Claims 18 and 51 - 53 are now drawn specifically to compound 4, and various pharmaceutically 
acceptable salts thereof. Because DE '876 does not disclose compound 4, either specifically or by 
disclosure of a genus from which one could at once envisage applicants 5 compound 4, claims 18 and 51| - 
53 are novel thereover. Claim 19 is drawn to pharmaceutical compositions comprising the compound tif 
clain 18, and claims 36, 37, and 54 - 68 are drawn to methods of using the compound of claim 18. , 
Because DE '876 does not disclose the compound, it cannot and does not disclose compositions that 
comprise the compound nor methods for its use; claims 19, 36-37 and 54 - 68 are not anticipated by 
DE ' 876. Finally, claims 44 and 49 recite methods of synthesizing compound 4, comprising, as a first | 
step, reacting Pd-bacteriopheophorbide a with taurine. DE '876 does not describe such reaction. Claims 
44 amd 49 are thus novel thereover. 

Thus, for the reasons advanced above, none of the references applied by the Examiner in 
rejections under § 102(b) discloses each and every element of applicants' now-pending claims. The 
claims are novel over each of the references, and the rejections under 35 U.S.C. § 102(b) should be 
withdrawn. 
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The Claims Are Also Novel Over The '811 Patent 



Applicants' claims are also novel over Bommer et aL, U.S. Pat. No. 5,004,81 1 ("the '81 1 
patent"), newly made of record in the supplemental IDS filed concurrently herewith. 

The '811 patent discloses "amino acid derivatives of compounds which contain the chromophore 
of porphyrins, chlorins or bacteriochlorins.... The amide linkage involves an amino group of the specified 
amino acid and a carboxy group of the tetrapyrrole." '811, col. 4, lines 18-23/ 

The permissible chromophores "include the major classes of tetrapyrroles: carboxy-containing 

porphyrins, chlorins, and bacteriochlorins...." '811, 4:24-28. At least one free carboxylic acid moiety is 

required, and "[t]he preferred tetrapyrrole carboxylic acids are those wherein at least three carboxylic acid 

groups are present in the tetrapyrrole." '811, 7:23-25. The amino acids 

employed in the present invention are primary or secondary amino acids. 

The specific position of the amino group in the carbon atom chain is not 

critical; the only requirement is that the amino group be available to form 

the requisite amide linkage with the carboxyl group of the selected i 

porphyrin. When the amino acid is primary, it must contain at least one 

sulfonic acid group, i.e., S0 3 H. It is to be understood that the sulfonic 

acid group is attached to the main chain through the sulfur atom. . . . a- 

sulfo-P-alanine is an example of this class of amino acids. 

'811, 4:52-68. These derivatives are said to "possess greater fluorescence in tumors than do the 
corresponding basic tetrapyrroles," to "more uniformly distribute throughout the tumor than the basic 
tetrapyrrole permitting the use of considerably lower dosage," and are readily "excreted by the host." | 
'811, 11:39-50. 

The '811 patent does not specifically disclose applicants' compound 4. Amino acid-derivatized 
tetrapyrrole compounds that were actually synthesized are described in Examples 1-7. Additional 
compounds that are specifically prophesied to be likewise obtainable are listed in Examples 8-21. None 
is applicants' compound 4, palladium 31-oxo-15-methoxycarbonylmethytrhodobacteriochlorin 131-(2- 
sulfoethyl) amide. 

The '811 patent also does not include a genus from which one might "at once envisage" 
applicants' specific compound within the generic chemical formula. 

The structurally-defined genus described in '81 1 columns 1-3 lacks a centrally coordinated 
meta 1 atom, 



* '"811,4:18-23." 
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The present invention is directed to novel flaroescent 
mono-, di-, tri-, or tetraamide of an amino acid and a 
carboxy containing tetrapyrrole compound of the for- 
mula: 




I 



or the corresponding di- or tetrahydrotetrapyrroles, 
'81 1, 1:50-62, thus excluding applicants' palladium-containing compound. This is a significant structural 
difference: the Pd in applicants' compound 4 increases both chemical and photochemical stability and 
confers different spectral properties upon the compound. 

Although there is prophetic disclosure elsewhere in the c 81 1 patent of metalating the amidated 
tetrapyrrole derivatives/ palladium is not specifically disclosed. And even if one were to credit such 
disclosure as adequate to broaden the '81 1 genus to include metalated, including palladium-containing, 
compounds - which applicants do not concede - the genus so described is simply too vast to permit one 
of ordinary skill in the art "at once [to] envisage" palladium S^oxo-lS-methoxycarbonylmethyt 
rhod obacteriochlorin 13 1 -(2-sulfoethyl) amide within the generic chemical formula. With wide latitude in 
selection of tetrapyrrole, see Table I; nine (9) positions at which the tetrapyrrole macrocycle may be 
independently substituted, see description of Ri - R9 at '81 1, 1 :68-2:59; few restrictions on the structure 
of the amino acid moieties, '81 1, 4:52 - 5:27; and permissible variation in the number of amino acid 
moieties, '811, 1 :44-46, the genus embraces a vast number of potential compounds, far exceeding the 
ability of any person of ordinary sicill at once to envisage applicants' claimed compound. In re Petering, 
301 F.2d 676, 133 USPQ 275 (CCPA 1962); In re Meyer, 599 F.2d 1026, 202 USPQ 175 (CCPA 1979). 
See MPEP §2131.02 (8th ed., rev. 6). 



"The final amide products can also be converted to metal complexes for example by reaction with 
metal salts. The magnesium or other non triplet state quenching metal complexes may be useful for the 
same purpose as the adduct product. Other metal complexes, as well as the magnesium complex, 
including, for example, iron and zinc, are useful to preclude contamination during processing of the 
adduct product by metals such as nickel, cobalt and copper, which are difficult to remove. Zinc and , 
magnesium are readily removed from the final adduct product after processing is completed " '81 1, 9:21- 
32. 
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Pending claims 18and51 -53 are drawn to compound 4, palladium S^oxo-lS- 
metiioxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, and various pharmaceutically 
acceptable salts thereof. The '81 1 patent does not disclose compound 4, either specifically or by 
disclosure of a genus from which one might "at once envisage" the specific compound within the generic 
chemical formula. Claims 1 8 and 5 1 - 53 are thus novel over the '81 1 patent disclosure. Claim 19 is 
drawn to pharmaceutical compositions comprising the compound of claim 18, and claims 36, 37, and 54 - 
68 are drawn to methods of using the compound of claim 18. Because the '811 patent does not disclose 
applicants' compound 4, it cannot and does not disclose compositions that comprise the compound nor; 
methods for its use; claims 19, 36-37 and 54 - 68 are not anticipated. Finally, claims 44 and 49 recite 
methods of synthesizing compound 4, comprising, as a first step, reacting Pd-bacteriopheophorbide a 
with taurine. The '811 patent does not disclose Pd-bacteriopheophorbide a, nor reaction thereof with 
taurine. Currently pending claims 44 and 49 are thus novel thereover. 

Rejections Under 35 U.S.C. $ 103(a) 

i 

Claims 1-3 and 10-19 stand rejected under 35 U.S.C. § 103 as having been obvious over DE '8|76, 
WO '081, WO '232, and WO '833, each considered individually, with claims 36-38 and 42-50 rejectee^ as 
having been obvious over WO '081, WO '232, and WO '833, considered separately. Applicants ! 
respectfully traverse. 

As discussed in detail above, the claims have been focused by amendment herein to a single 
spec ies of bacteriochlorophyll derivative that falls outside of the genera disclosed in these four references. 
This amendment thus vitiates the factual foundation underlying each of the stated rejections: 

i 

• "Scheer [DE '876] teaches a generic group of bacteriochlorophyll derivatives, which i 
embraces Applicants' claimed compounds," Office Action, p. 5 (emphasis added); i 

i 

• "Scher[ ]z [WO '081] teaches a generic group of bacteriochlorophyll derivatives, ; 
methods of preparing bacteriochlorophyll compounds and method of photodynamic 
therapy using said bacteriochlorophyll compounds, which embraces Applicants' claimed 
compounds," Office Action, p 6 (emphasis added); 

• "Scheer [WO '232] teaches a generic group of bacteriochlorophyll derivatives, methods 
of preparing bacteriochlorophyll compounds and methods of photodynamic therapy using 
said bacteriochlorophyll compounds, which embraces Applicants' claimed compounds^" 
Office Action, p. 7 (emphasis added); 

"Scher[]z [WO '833] teaches a generic group of bacteriochlorophyll derivatives, methods 
of preparing bacteriochlorophyll compounds and methods of photodynamic therapy using 
said bacteriochlorophyll compounds, which embraces Applicants' claimed compounds^" 
Office Action, p. 8 (emphasis added). 



Serial No. 10/534,692 



Page 20 of 33 



15769302.1. BUSINESS 



With the factual foundation no longer sound, the rejections should be withdrawn. 

However, in order to expedite allowance of the now-pending claims, applicants discuss below the 
nonobviousness of the claimed subject matter over the four references cited by the Examiner and the '81 1 
patent cited by applicants. The discussion is exemplary, not exhaustive, of the reasons that applicants' 
now pending claims are nonobvious over the art of record. 

Claims 18, 19 and 51 - 53 (compounds and compositions) 

Claims 18 and 51 - 53 are drawn to a novel compound, palladium 3 1 -oxo-15- 
metlioxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide. Each of the cited references 
discloses bacteriochlorophyll derivatives that share certain structural features with applicants' compound, 
while differing in others. The structural similarity is insufficient to create a prima facie case of 
obviousness. 

"Obviousness based on structural similarity . . . can be proved by identification of some 
moti vation that would have led one of ordinary skill in the art [first] to select and then [secondarily to] 
modify a known compound {i.e. a lead compound) in a particular way to achieve the claimed compound." 
Eisai, 533 F.3d 1353, 1356 (Fed. Cir. 2008). See also Takeda Chemical Indus., Ltd. v. Alphapharm Pty., 
Ltd., 492 F.3d 1350, 1356 (Fed. Cir. 2007) ("[i]n addition to structural similarity between the compounds, 
a prima facie case of obviousness also requires a showing of 'adequate support in the prior art' for the 
change in structure" (quoting In re Grabiak, 769 F.2d 729, 73 1-32 (Fed.Cir. 1985)); Eli Lilly & Co. v. 
Zenith Goldline Pharms., Inc., All F.3d 1369 (Fed. Cir. 2006) (same; continued viability of this pre-iCSK 
holding confirmed in Eisai, 533 F.3d at 1357). Any such "support" for selecting and modifying 
compounds must be found in the prior art; the relevant motivations are thus prior art motivations, In re 
Dillon, 919 F2d 688 (Fed. Cir. 1990) (en banc), uninfected by hindsight. 

The effort to discern such contemporaneous motivation is much simplified here. Because all four 
of the references cited by the Examiner resulted from a continuing collaborative effort by the Scherz and 
Scheer labs to design improved bacteriochlorophyll derivatives for photodynamic therapy, each 

The four references currently cited by the Examiner report work from the Scheer and the Scherz 
laboratories, with Drs. Scheer and Scherz listed as coinventors on three of the four references (as on the 
insteint application). In each case, the compounds were intended for use in photodynamic therapy and 
related photosensitization methods. See, WO '081, p. 1, lines 10-11 ("The present invention relates to a 
new method of preparation of metalated bacteriochlorophyll derivatives for use in methods of in vivo 
photodynamic therapy"); WO '232, Abstract ("The compounds are for use in photodynamic therapy 
(PDT), for diagnosis of tumors, and for killing cells and infectious agents such as bacteria and virus, both 
in biological products and in living tissues"); DE '876, p. 2 ("The invention relates to modified 
bacteriochlorophylls, a method for their preparation and their use for preparing agents for the diagnosis or 
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successive reference can reasonably be understood to evidence the structural changes to the immediately 
preceding compounds that were then-thought to be most desirable to improve the compounds' properties 
for use in PDT. Since the progression of structural changes eventuates in the five-ring structures of 
WO '232, significantly divergent in structure from applicants' 4-ring compound 4, it cannot be said that 
the references, either alone or in combination, motivate the structural modifications that would have been 
required to produce applicants' now-claimed compound. Applicants' compound 4 would not have been 
prima facie obvious, and applicants' now-pending composition of matter claims would not have been 
prima facie obvious over the references cited by the Examiner, alone or in combination. 

Applicants offer some further comments, however, on the penultimate reference, WO c 833, which 
describes the immediate synthetic precursor to applicants' compound 4. 

WO '833 discloses bacteriochlorophyll compounds derivatized at the 17 position with "a 
substituent capable of allowing an efficient plasma transfer" - that is, efficient blood-borne circulation 
following systemic administration - "and cell membrane penetration," for use in photodynamic therapy. 
WO '833, page 4, lines 18-22. The preferred substituent is hydroxy 1, and the "most preferred 
embodiment" is Pd-Bpheid: 




WO '833, p. 10, lines 5 -20. 



treatment of tumors"); WO '833, p. 1., lines 5-10 ("The present invention concerns palladium-substituted 
bacteriochlorophyll derivatives ... [for] use in the field of in vivo photodynamic therapy and diagnosis 
and in vitro photodynamic killing of viruses and microorganisms"). 

The references cited in the prior office action, U.S. Pat. Nos. 6,147,195 and 5,955,585, are 
likev/ise references from the Scherz laboratory. 
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Because the WO '833 reference itself identifies Pd-Bpheid as "most preferred", this compound is 
reasonably viewed as the lead compound to be selected for any further structural modification. Two 
structural modifications to this "most preferred" lead compound are required to arrive at applicants' 
compound 4: the fifth, isocyclic, ring must be opened, and the resulting 13 1 carboxylic acid derivatized to 
a 2-sulfoethyl amide. 

The WO '833 reference itself certainly provides no motivation to make these two changes, since 
Pd-Bpheid is already, and expressly, the most preferred embodiment. The required changes also would 
not have been motivated by the teachings of the later WO '232 reference, which is drawn exclusively to 
five-ring compounds. 

However, the '81 1 patent by Bommer and colleagues discloses 4-ring compounds in which one or 
more carboxylic acid moieties on the tetrapyrrole is amidated with an amino acid substituent. 
Furthermore, "[w]hen the amino acid is primary, it must contain at least one sulfonic acid group, i.e., 
S0 3 H." '811, 4:58-59. Nonetheless, and notwithstanding the disclosure of sulfonated amino acid 
derivatives of tetrapyrroles for use in PDT, the '81 1 patent would not have provided the requisite 
motivation to make the specific structural alterations to the WO '833 lead compound required to produce 
applicants' compound 4, palladium S^oxo-lS-methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2- | 
sulfoethyl) amide. 

First, WO '833 clearly and explicitly teaches greatest preference for the five-ring compound, Pd- 
Bpheid. Nothing in the earlier '811 patent clearly dissuades such preference. To the extent that the '811 
patent might reasonably be said to argue for further derivatization with sulfonated amino acids, the 5-ring 
"most preferred" Pd-Bpheid compound has two available carboxylic acid moieties, at positions 17 and 3; 
ring -opening is not required/ 7 

Second, photodynamic therapy (PDT) was understood to require that the photosensitizing agent 
exert a direct photocytotoxic effect, and thus to require some degree of cellular uptake. Compounds were 
thus required to have sufficient water-solubility to permit systemic administration yet retain sufficient 
hydrophobicity to be able to enter cells. WO '833 explicitly extols the balance between those competing 
ends that was achieved by the compounds described therein, by virtue of derivatization at the 17 position 
with "a substituent capable of allowing an efficient plasma transfer" - that is, efficient blood-borne 
circulation following systemic administration ~ "and cell membrane penetration." WO '833, page 4, j 
lines 18-22 (emphasis added). Yet each of the structural modifications required to obtain compound 4 



11 Indeed, the applicants themselves were intent on derivatizing the C-17 propionic acid moiety of 
Pd-Bpheid; the opening of the isocyclic ring and derivatization at C-13 were unintended, and 
serendipitous. 
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from the lead compound of WO '833 - isocyclic ring-opening, and the addition of anionic sulfonates - 
would have been expected to increase the hydrophilicity of Pd-Bpheid, the most preferred WO '883 
compound; combining the two modifications would have been understood to pose a significant risk 
destroying the clinical efficacy of the compounds by reducing or eliminating their ability to enter cells. 

Third, without the hindsight driven by knowledge of applicants' compound 4, the '81 1 patent 
disclosure presents far less persuasive an argument for making any structural changes to the WO '883 
"most preferred" compound than might at first appear. 

One of ordinary skill reading the '81 1 patent would have noted, for example, that the inventors 
only ever synthesized chlorin derivatives, which differ from bacteriochlorins in the degree of ring 
saturation. Although Example 17 states prophetically that "by substituting bacteriochlorin e6 for 
chlorin e6 in Examples 1-8, the following compounds can also be prepared," including "[m]ono a-sulfo- 
p-alanyl bacteriochlorin e6," the person of ordinary skill would have viewed such prophecy with 
substantial skepticism. The referenced Examples, Examples 1-8, describe a reaction with a water 
soluble activator. Bacteriochlorins are water-insoluble; use of a water soluble activator would have been 
expected to lead to phase separation. If the prophesied reaction were even possible, yields would have 
been expected to be vanishingly low. Furthermore, it would have been deemed likely that any 
bacteriochlorin derivative produced in the reaction would oxidize, (re)creating the chlorin analogue. 
Furthermore, the reaction is not regioselective: as the '81 1 patent itself teaches, "mixtures of products can 
be formed including isomeric di- and even tri- or higher amide products, depending on the number of 
carboxyl groups and depending on the selected stoichiometry " '811, 9:59-63. And position matters. 
Applicants have found, for example, that taurine addition at C3 leads to Schiff base formation, change in 
spectral properties, loss of stability, and insufficient water solubility, while taurine addition at CI 7, the i 
other available carboxylic acid moiety, creates a compound that is not water soluble. Nothing in the '81 1 
patent points with particularity to the importance of the C13 position/ 2 

In addition to structural similarity between the compounds, a prima facie case of obviousness 
requires a showing of adequate support in the prior art for the change in structure. The '811 patent simply 
provides no such support. Accordingly, applicants' compound 4 would not have been prima facie 
obvious over WO '833, taken in view of the '81 1 patent, and applicants' claims drawn to compound 4, 
and compositions comprising compound 4, would not have been prima facie obvious thereover. 

The same conclusion obtains if the '81 1 patent is considered the primary reference. 

12 Indeed, the applicants themselves were intent on derivatizing the C-17 propionic acid moiety of 
Pd-BPheid; the opening of the isocyclic ring and derivatization at C-13 were unintended, and 
serendipitous. 
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Without hindsight, there is little guidance for selecting one lead compound from amongst the 
enormous number of species within the scope of the '81 1 genus. To the extent that the patent itself 
expresses preferences, those preferences are clearly for a non-metalated chlorin derivative . Even if the 
'811 claims were properly viewed as defining preferred subgenera and preferred species, there are a 
number of such preferred compounds, of varying structure: trans-4-hydroxy-L-proline chlorin e 6 ; mono- 
N-methyl-DL-Aspartyl chlorin e 6 ; iminodiacetic acid chlorin e 6 ; iminodipropionic acid chlorin e 6 ; mono- 
N-methyl-L-serinyl chlorin e 6 ; a-sulfo-p-alanyl chlorin e 6 ; and mono-N-methyl-L-glutamyl chlorin e 6 . 
All iire non-metalated chlorin derivatives. The tetrapyrrole position that is amidated is not identified. 
Even if one of these were properly chosen as the lead compound, none of the references cited by the 
Examiner, and certainly not WO '833, motivates all of the required structural changes, including 
metalation with Pd, oxidation to the bacteriochlorin analogue, selection of the 13 1 position alone for 
amidation, and choice of taurine as the amino acid, yielding the 13 1 2-sulfoethyl amide. 

Accordingly, applicants' compound 4 would not have been prima facie obvious over the '81 1 
patent, taken in view of WO '833, and applicants' claims drawn to compound 4, and compositions 
comprising compound 4, would not have been prima facie obvious over the combination of these two 
references. 

Even if one assumes, arguendo, that a prima facie case of obviousness could viably be crafted 
from any of the references discussed above, in any combination, applicants' compound 4 exhibits 
unexpected, and unexpectedly superior, properties that are fully sufficient to rebut any such prima facie 
case. 

As noted in applicants' specification, "[b]ecause of its low solubility in aqueous solutions, the I 
clinical use of Pd-Bpheid requires the use of solubilizing agents such as Cremophor that may cause side 
effects at high doses." Spec, p. 4, lines 21-23. The pentacyclic compounds of WO '081, WO '232, and 
DE ' 876 were also found to be poorly soluble in water, and to necessitate use of detergents such as 
Cremophor. By contrast, applicants' compound 4 is remarkably water-soluble, which permits its 
formulation to high concentration simply by dissolution in distilled water or other standard IV diluents, 
without the need for further solubilizing agents. And once dissolved, the compound does not self- 
aggregate, either in the IV infusion set or in the blood. From a clinical perspective - and these 
com pounds are intended for clinical use - the exceptional formulation characteristics of compound 4 
alone confer significant superiority, significantly facilitating use and reducing side-effects. 

As discussed at length in the section below, the highly water-soluble compound 4 also, 
unexpectedly, binds with significant affinity and specificity to serum albumin. Binding to serum albumin 
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was not foreseen: compound 4 fortuitously possesses an appropriate balance between electronegativity 
and hydrophobicity to drive noncovalent association with this serum protein. Remarkably, although the 
binding to serum albumin has been found to eliminate cellular uptake, long understood to be required for 
photodynamic therapy, compound 4 is profoundly potent in vascular-targeted PDT. This paradox implies 
that compound 4 has a unique mechanism of action, a mechanism that has now been found to overcome 
known shortcomings of existing PDT methods, including tumor recurrence from cells surviving in the 
tumor rim and neoangiogenic responses that are particularly disadvantageous in the treatment of macular 
degeneration. 

Other properties - including retention of desirable spectral properties; ready distribution 
throughout the vasculature, bringing the photosensitizing agent into photoactive proximity to all possible 
tumor sites; and rapid elimination, reducing the possibility of lingering photosensitivity - contribute to 
making applicants' claimed compound far superior to all prior photosensitizing agents. Applicants' 
compound 4 newly makes practicable therapeutic approaches that had previously been only an unfulfilled 
promise. 

Claim 36, 37, 54 - 68, 70 (methods of use) 

As elaborated in detail above, applicants' compound 4, palladium 3 1 -oxo-15- 
methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2-sulfoethyl) amide, is novel and would have been 
nonobvious over the references applied by the Examiner and the '811 patent, made of record by 
applicants in the accompanying supplemental IDS. Because they require the use of this novel and 
nonobvious photosensitizer, applicants' claimed methods of effecting vascular-targeted photodynamic 
therapy, as presently recited in claims 36 and claims 54 - 67 (vascular-targeted photodynamic therapy of 
tumors), claim 37 (photodynamic therapy of age-related macular degeneration by vascular occlusion), 
claim 68 (vascular-targeted photodynamic therapy of benign prostatic hypertrophy), and claim 70 (which 
depends multiply from claims 36, 37 and 68), could not have been obvious. See In re Ochiai, 71 F.3d 
156:5 (Fed. Cir. 1995). 

In addition, the in vitro properties of compound 4 provided no reasonable expectation that the 
compound would have significant in vivo therapeutic effect; to the contrary, the in vitro properties would 
have dissuaded persons of ordinary skill in the art from considering the compound as suitable for in vivo 
therapies. This too defeats any prima facie case of obviousness. In re Dow Chemical Co., 837 F.2d 469, 
473 (Fed. Cir. 1988) ("The consistent criterion for determination of obviousness is whether the prior art 
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would have suggested to one of ordinary skill in the art that this process should be carried out and would 
have a reasonable likelihood of success.")- 

Prior to the instant invention, photodynamic therapy (PDT) was understood to require that the 
photosensitizing agent exert a direct photocytotoxic effect - for classical PDT, on tumor cells; for 
vascular-targeted PDT, on vascular endothelial cells. Although other mechanisms were understood to 
contribute to the therapeutic effect, particularly in vascular-targeted PDT, it was nonetheless well 
accepted that at least some degree of cellular uptake and resulting intracellular oxidative damage were 
required. Accordingly, newly synthesized photosensitizing agents were usually assessed first for 
cytotoxic activity in vitro. 

In WO '081, for example, Example 9 reports the "Phototoxicity in vitro of [Pd]-BChl-Ser", with 
Example 9b assessing the in vitro killing of melanoma cells: 

Monolayers of M2R cells were incubated with the indicated 
concentrations of [Pd]-BChl-Ser for lh and subjected to photodynamic 
treatment as described above. Photocytotoxicity was assessed by [ 3 H] 
thymidine incorporation and percent survival of the treated cells and 
appropriate controls are described in Fig. 2. Survival of untreated cells 
was taken as 100%. 

It can be seen in Fig. 2 that the phototoxic effect was dose 
dependent with respect to [Pd]-BChl-Ser concentration with an ! 
approximate LD 50 of 0.05 pM. The phototoxic effect was not seen in the 
dark controls. 

I 

WO '081, page 24, lines 10 - 19. 

In WO '232, the in vitro phototoxicity of the M-Bchl derivatives on monolayers of M2R cells is 
reported in Example 13. The "results ... shown in Figs. 1 and 2" demonstrate that: i 

[t]hree of the sensitizers shown in Figs. 1 and 2 were phototoxic to 

mouse M2R melanoma cells (Pd-Bpheid-et (LD 90 = 0.02 fiM) and tbb- 

Pd-Bpheid-me (LD 90 =1-1 pM), Pd-Bpheid-ser ((LD 90 = 0. 1 jjM). tbb- 

Pd-Bpheid-tbb and Pd-BPheid-iVglc are ineffective under these 

conditions because they formed aggregates in the liposomes which are 

ineffective for PDT. 1 

WO '232, page 26, lines 19-23. 
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Analogously, the in vitro cytotoxic activity of the vascular-targeted PDT agents described in 
WO '833 is reported in its Examples 8, 9, 10, and 1 1, and the in vitro cytotoxic activity of the agents 
disclosed in U.S. Pat. Nos. 5,955,585 and 6,147,195 ;i is described in their respective Examples 12. 

In keeping with this prior understanding, applicants tested compound 4 for direct in vitro 
phototoxicity. 

As reported in applicants' specification in Example 14, compound 4 has detectable in vitro 
activity: "[a]s can be seen [in FIGS. 1A -IB], the phototoxicity of both pigments 4 and 8 is concentration- 
and Light-dependent, without any dark toxicity in the stated range." Specification page 31, lines 19-22. 
However, the result is profoundly different under in vitro conditions that more closely approximate those 
expected in vivo: the phototoxicity of compound 4 is strongly dependent on the concentration of serum 
albumin in the medium. 

Although compound 4 shows photocytotoxic activity under standard cell culture conditions, the 
cytotoxic activity is dramatically reduced - i.e., percent cell survival dramatically increases - when 
serum albumin concentrations are raised to levels that approach those in blood: 
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Mazor et al. u , FIG. 4C. The reduction in phototoxicity is due to adsorption of the photosensitizer to 
serum albumin, markedly reducing cellular uptake, Mazor, p. 346, col. 1; with the photosensitizer 



13 Of record. 

14 Mazor et al, "WST-1 1, A Novel Water-soluble Bacteriochlorophyll Derivative; Cellular Uptake, 
Pharmacokinetics, Biodistribution and Vascular-targeted Photodynamic Activity Using melanoma 

Tum ors as a Model," Photochemistry & Photobiology 81:342-351 (2005) (attached hereto as Exhibit A). 
In this reference from the instant inventors 5 laboratory, compound 4 is referred to as "WST-1 1" {see, e.g., 
the structure in reference FIG. 1A) (hereinafter, "Mazor"). 
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excluded from the cells' interior, reactive oxygen species generated upon illumination cannot damage 
vital intracellular components. 

This reduction in photocytotoxic activity at physiologic concentrations of serum albumin is not 
seen with Pd-Bpheid, the synthetic precursor to applicants' presently claimed compound 4. Compare 
compound 3 (Pd-Bpheid), which remains highly cytotoxic even at 75% fetal calf serum, with compound 
10 (applicants' compound 4) in the figure below: 
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Brandis a/., "Novel Water-soluble Bacteriochlorophyll Derivatives for Vascular-targeted 
Photodynamic Therapy: Synthesis, solubility, Phototoxicity and the Effect of Serum Proteins," 
Photochemistry & Photobiology 81:983-993 (2005) (attached hereto as Exhibit B) (hereinafter, 
"Brandis"). 
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Given the prior understanding of the mechanism of PDT, including vascular-targeted PDT, these 
in vitro results would have dissuaded in vivo use, "because a direct insult of endothelial cells is considered 
important for successfully launching a tumor cure via VTP [vascular-targeted photodynamic therapy]." 
Brandis, p. 991 , col. 2. The lack of any reasonable expectation of successful in vivo use precludes a 
prima facie case of obviousness of applicants' therapeutic method claims. 

And yet, notwithstanding the lack of in vitro phototoxicity under physiologic conditions, 
"[r]emarkably, Mazor . . . showed that the . . . water-soluble Bchl-based sensitizer (WST1 1) 75 , which was 
found to be practically nonphototoxic against individual cells in cultures in physiological serum albumin 
concentrations, is highly active as a VTP reagent" in vivo. Brandis, p. 984, col. 1. 

Mice bearing M2R melanoma xenografts were injected i.v. with WST1 1 
(6 of 9 mg/kg body) and immediately illuminated at increasing light 
doses (30-45 J/cm 2 ). 

After VTP, all treated tumors developed necrosis within 24-48 h. Tumor 
flattening was observed for the next 14 days. . . . Increasing the WST1 1 
dose to 9 mg/kg at a light dose of 30J/cm 2 improved the treatment 
outcome to 70% cure. . . at 90 days after treatment. . . .These results are 
similar and even better than those obtained with Tookad® /7 on the same 
tumor model. 

Mazor, p. 350, col. 1. 

This paradoxical ability to kill tumors in vivo was a surprise, a compelling indicium of 

nonobviousness. It was particularly a surprise given that serum albumin is known to quench reactive 

oxygen species, which would have been thought disadvantageous in methods of photodynamic therapy: 

The binding of compound 4 to serum albumin would have been expected not only to reduce cellular 

uptake, and thus reduce cytotoxicity, but would also have been expected to lead to significant quenching 

of any reactive oxygen species generated extracellularly in the blood. Surprisingly, however, and 

para doxically, it has now been found that the 

noncovalent complex with human serum albumin (HSA) . . . functions as 
a photocatalytic oxidorreductase at biologically relevant concentrations 
enabling approximately 15 cycles of electron transfer from the associated 
HSA protein to molecular oxygen in the solution. 



Compound 4 herein. 
Pd-BPheid. 
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Ashur et aL, Abstract. 

The in vivo activity of compound 4 was so unexpected, and so inexplicable based on prior 
understanding of PDT mechanisms, as to demand an entirely new mechanistic theory. 

We therefore propose that the two studies collectively suggest that the - 
antitumor activity of WST1 1 and probably of other similar candidates 
does not depend on direct photointoxication of individual endothelial 
cells but on the vascular tissue response to the VTP insult. 

Brandis, Abstract. 

Studies of this novel mechanism continue. It is currently thought that compound 4, which is 
retained in the vascular lumen through noncovalent association with albumin, generates short-lived 
oxygen radicals (OH, 02") upon illumination. These radicals rapidly consume molecular oxygen in the 
vicinity, leading to endothelial cell release of NO, mostly from nitroso-thiols in circulating red blood 
cells, and a subsequent chain of physiologic and biochemical events that leads quickly to local vascular 
occlusion. Occlusion of the vessels feeding the tumor in turn leads to tumor necrosis. 

This novel mechanism provides significant therapeutic advantages over prior PDT approaches 
using earlier photosensitizing agents. These advantages, like the mechanism itself, were wholly 
unforeseen. One such advantage is 

that, unlike Tookad®/ 9 VTP with [compound] 10 20 has practically no 
effect on the vessels' permeability. Thus, the occlusion of tumor vessels, 
which was observed within minutes of illumination, was not 
accompanied by hemorrhagic necrosis, underscoring the advantage of 
such sensitizers for VTP applications where hemorrhagic necrosis may 
endanger the treated patient, such as in tumors situated near major 
vessels or in internal sensitive organs or in age-related macular 
degeneration, in which lateral photodamage may be considerable. 

Brandis., p. 991, col. 2. 

In addition, the situs of vascular damage differs, reducing the risk of tumor recurrence from cells 
that survive in the tumor rim. In classical antivascular therapies including vascular-targeted PDT that 



Ashur et aL, "Photocatalytic Generation of Oxygen Radicals by the Water-Soluble 
Bacteriochlorophyll Derivative WST-1 1, Noncovalently Bound to Serum Albumin," J. Phys. Chem. A 
1 13 8027-8037 (2009) (attached hereto as Exhibit C) (hereinafter, "Ashur"). 

19 Pd-BPheid, the preferred embodiment disclosed in WO ' 833 and a synthetic precursor to 
applicants' compound 4, palladium S^oxo-lS-methoxycarbonylmethyl-rhodobacteriochlorin 13 1 -(2- 
sulfoethyl) amide. 

20 Compound 4 herein. 
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aims at endothelial cells, the microcirculation is destroyed first, often sparing neoplastic cells at the tumor 
periphery. With vascular-targeted PDT using compound 4, by contrast, damage starts in the feeding 
arteiry and veins, killing all tumor cells in the downstream watershed, including cells at the tumor rim. 
Another advantage is that efficacy does not require intracellular oxidation, and thus continued oxygen 
delivery to the tumor during photoactivation. Earlier agents had required through intermittent or pulsed 
illumination to allow activation of the PDT compound without occluding blood vessels that feed the 
tumor. 

None of these advantages were expected; none could have been predicted. Applicants' claimed 
methods would have been nonobvious. 

Claims 44 and 49 (methods of synthesis) 

Claims 44 and 49 are drawn to a method of preparing compound 4 in a single step aminolysis 
reaction in which the isocyclic ring of Pd-Bpheid is cleaved and the 13 1 position concurrently derivatized 
with a 2-sulfoethyl amide substituent. Although the two reactants were known, nowhere is there a 
suggestion to undertake such reaction in pursuit of the novel and nonobvious compound 4. 

Claims 44 and 49 are nonobvious, and the rejections should be withdrawn. 
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CONCLUSION 



Interview request 

Claims 18 - 19, 36 - 37, 44, and 51 - 70 are believed to satisfy all of the criteria for patentability 
and are in condition for allowance. An early indication of the same is therefore kindly requested. 
However, the Examiner believes that any matters remain outstanding that preclude passing this 
application immediately to issuance, the Examiner is requested to contact the undersigned attorney to 
schedule a personal interview. 

Fee authorization 

No fees beyond those due (?) under 37 C.F.R. § 1 .17(e) for continued examination and (ii) as 
specified on the accompanying transmittal for additional independent claims are believed to be due in 
connection with this Amendment. However, the Director is authorized to charge any additional fees that 
may required, or credit any overpayment, to Dechert LLP Deposit Account No. 50-2778 (Order No. 
378036-006 (107847)). 



Date: <T^^y <^g>/o 
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Uptake, Pharmacokinetics, Biodistribution and Vascular-targeted Photodynamic Activity 
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ABSTRACT 

WSTl 1 is a novel negatively charged water-soluble palladium- 
bactei iochlorophyll derivative that was developed for vascu- 
lar-targeted photodynamic therapy (VTP) in our laboratory. 
The in vitro results suggest that WST11 cellular uptake, 
clearance and phototoxicity are mediated by serum albumin 
trafficking. In vivo, WST11 was found to clear rapidly from the 
circulation (t m = 1.65 min) after intravenous bolus injection in 
the mouse, whereas a longer clearance time (t 1/2 = 7.5 min) was 
noted in rats after 20 min of infusion. The biodistribution of 
WSTl 1 in mouse tissues indicates hepatic clearance (t 1/2 = 20 
min), with minor (kidney, lung and spleen) or no intermediary 
accumulation in other tissues. As soon as 1 h after injection, 
WSTl 1 had nearly cleared from the body of the mouse, except 
for a temporal accumulation in the lungs from which it cleared 
within 40 min. On the basis of these results, we set the VTP 
protocol for a short illumination period (5 min), delivered 
immediately after WST11 injection. On subjecting M2R 
melanoma xenografts to WSTl 1 -VTP, we achieved 100% 
tumor flattening at all doses and a 70% cure with 9 mg/kg and 
a light exposure dose of 100 mW/cm 2 . These results provide 
direct evidence that WST11 is an effective agent for VTP and 
provide guidelines for further development of new candidates. 



INTRODUCTION 

Photodynamic therapy (PDT) is a relatively new modality for treat- 
ment of solid tumors, which is based on administering a photo- 
sensitive agent followed by its in situ excitation at a matching 
wavelength. Through photogeneration of reactive oxygen species 
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(ROS) at cytotoxic levels, PDT induces a series of destructive 
processes leading to irreversible cell or tissue damage followed by 
regression of early and advanced stage tumors (1^4). 

The spectra, photophysics and photochemistry of native bacterjo- 
chlorophylls (Bchl) make them very efficient sensitizers, possessing 
optimal light-harvesting properties and with clear advantages as 
sensitizers in PDT (5). In particular, these molecules have a very 
high extinction coefficient at long wavelengths (X^^ = 760-780 nm, 
e = (4-10) X 10 4 AiT 1 cm -1 ) where light penetrates deeply into 
tissues, and they generate ROS at a high quantum yield (depending 
on the central metal and, to some extent, on peripheral substituting 
groups) (6,7), 

Several second-generation sensitizers were derived from Bchl 
a in our laboratories at the Weizmann Institute (8-10) and further 
developed as PDT agents for clinical applications in collaboration 
with Steba-Biotech (Paris, France) and Negma-Lerads (Toussus- 
Le-Noble, France). Substitution of the central magnesium atom of 
Bchl for palladium and hydrolysis of the esterifying alcohol 
provided a highly stable and efficient sensitizer, palladium- 
bacteriopheophorbide (Pd-Bpheid, also known as Tookad® or 
WST09 (8, A. Scherz and coworkers, personal communication). 
This novel sensitizer was shown to be effective in the PDT of 
several solid tumors such as melanoma (11), rat glioma (12), 
human prostate xenografts (13,14), human HT29 colon carcinoma 
xenografts (15), normal canine prostate (16) and DS Sarcoma 
(17,18) in laboratory animal models. After bolus intravenous (i.v.) 
administration, 95% of the Tookad® clears from the circulation 
with a very short half lifetime (t 1/2 = 0.6 min, after bolus injection) 
(19) and the rest with t 1/2 ~11 min (A. Brandis, O. Mazor, S. 
Gross, N. Koudinova, E. Gladysh, R. Hami, N. Kammhuber, V. 
Rosenbach-Belkin, M. Greenwald, A. Bondon, G. Simonneaux, H. 
Scheer, Y. Salomon and A. Scherz, personal communication,] 9) 
with little or no extravasation into the surrounding tissues. After 
Tookad® perfusion, the majority of the drug clears from ihe 
circulation t 1/2 —8 min. These properties are appropriate -or 
vascular-targeted photodynamic therapy (VTP). In these studies, 
illumination is applied when the concentration of the drug in Ihe 
circulation is sufficiently high. Under these conditions, ROS are 
photogenerated at high concentrations only within the blood 
vessels of the illuminated tissue. Oxygen depletion and ROS 
generation initiate blood stasis as well as rapid destruction of Ihe 
blood vessels of the tumor, leading to hypoxia and secondary 
radical formation that culminates in necrosis and eradication of the 
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Figure 1. The chemical structure and absorption spectrum of WST11. (A) 
The ciiemical structure of WST1L (B) The absorption spectrum of WST11 
(5 uAO in methanol. 

tumor (A. Brandis, O. Mazor, S. Gross, N. Koudinova, E. Gladysh, 
R. Hcimi, N. Kammhuber, V. Rosenbach-Belkin, M. Greenwald, A. 
Bond on, G. Simonneaux, H. Scheer, Y. Salomon and A. Scherz, 
personal communication, 13), with negligible skin phototoxicity 
(N. Koudinova, unpublished). Phase I— EE clinical trials with 
Tookad® have been completed (20) and Phase II trials are in 
progress in several clinical centers in Canada, Europe and Israel 
against recurrent localized prostate cancer in patients who failed 
radial ion therapy. 

Because of low solubility of Tookad® in aqueous solutions 
(octal lol-water partitioning is 24:1), its clinical application requires 
the use of amphiphilic vehicles such as Cremophor® (8). A wealth 
of recent experimental data have indicated that Cremophor® is 
a biologically and pharmacologically active compound and its use 
as a drug formulation vehicle has been implicated in clinically im- 
portant adverse effects, including acute hypersensitivity reactions 
and peripheral neuropathy (21). Such possible effects may limit the 
maximal allowed doses of Tookad® or its rate of administration (or 
both), particularly for the treatment of nonmalignant diseases. Fur- 
thermore, high hydrophilicity is usually associated with better re- 
tention in the circulation, as needed for vascular-targeted reagents. 
Therefore, it was desirable to prepare water-soluble Bchl deriv- 
atives with comparable photochemical properties and antivascular 
photodynamic activity. 

In a recent study (A. Brandis, O. Mazor, E. Neumark, V. 
Rosenbach-Belkin, Y. Salomon and A. Scherz, personal commu- 
nication, 22), we described the synthesis, solubility and optical 
spectroscopy of several new water-soluble derivatives of Bchl, 
substituted for Pd, Mn and Zn atoms. We also provided the affinity 
of the new derivatives to serum proteins and showed the effect of 
serum albumin (SA) on their photocytotoxicity in endothelial cell 
cultures. Modification of Pd-Bpheid with taurine (2-sulfoethylen- 
amine) resulted in a taurinated dianionic salt of Pd-Bchl (under the 
code name WST11, Fig. 1) (A. Brandis, O. Mazor, E. Neumark, 
V. Rosenbach-Belkin, Y. Salomon and A. Scherz, personal com- 
munication, 22) with an octanol-water partitioning coefficient of 
2:3. ITiis compound dissolves readily in phosphate-buffered saline 
(PBS) or water in the form of small aggregates (A. Brandis, O. 
Mazer, E. Neumark, V. Rosenbach-Belkin, Y. Salomon and A. 
Scheiz, personal communication, 23) at concentrations <50 mg/ 
mL. In solutions containing serum, WST11 undergoes disaggre- 
gation to monomers by adsorbing mostly to the SA (>90% as 1:1, 
WST 11 -bovine serum albumin [BSA]) and high-density lipopro- 
tein (<10%) (A. Brandis, O. Mazor, E. Neumark, V. Rosenbach- 
Belkin, Y. Salomon and A. Scherz, personal communication, 23). 

Binding to SA increases the probability of sensitizers to remain 
confined to the tumor vasculature, as required for VTP (24). How- 
ever, the apparent photoactivity of the SA-bound WST 11 against 
endothelial cells was found to be substantially different from 



noncomplexed pigment (A. Brandis, O. Mazor, E. Neumark; V. 
Rosenbach-Belkin, Y. Salomon and A. Scherz, personal commu- 
nication, 22). This could either reflect a reduction in the concen- 
tration of free sensitizers able to enter the cells by fluid-pljiase 
endocytosis or BSA-mediated trafficking of the bound sensitizers 
via specific SA receptors in these cells (25,26). The mode of 
endocytosis of WST 11 into endothelial cells, its photocytotoxicity 
and the properties of its pharmacokinetics and biodistribution in vivo 
are probably key factors in determining its photodynamic efficacy 
and mode of action as an antivascular photosensitizer. Therefore, 
we set out to resolve these parameters to approach future develop- 
ments and initiate appropriate treatment protocols for WST1 l-AjTP. 

The experiments presented in this study, combined with the as- 
sessment of WST11 phototoxicity under different SA concen- 
trations (A. Brandis, O. Mazor, E. Neumark, V. Rosenbach-Belkin, 
Y. Salomon and A. Scherz, personal communication), provided 
evidence for S A-mediated cellular trafficking into endothelial cells. 
The temporal accumulation of WST1 1 in the lungs, along with its 
absence from the kidneys and the rapid hepatic clearance, provides 
additional indirect evidence for its interaction with SA. The phar- 
macokinetics, biodistribution and clearance rates of WSTi: 
mice and rats indicate a very short lifetime in the circulation with 
no significant extravasation into tissues. These findings suggest 
a rapid dissociation of the WST11-SA complex in target organs 
and corroborate the observed intermediate affinity of the sensitizer 
to the serum protein (A. Brandis, O. Mazor, E. Neumark, 
Rosenbach-Belkin, Y. Salomon and A. Scherz, in preparation, 22). 
Following our observations, the in vivo PDT protocol in animals 
was optimized to initiate illumination immediately after adminis- 
trating the sensitizer. Under these conditions, WST11 was found to 
be a highly effective VTP reagent. Although, as reported in this 
study, this protocol was first tested with melanoma xenografts as 
a model (resulting in high cure rates), our data suggest that WSTI 1 
can be highly effective for VTP of other malignancies as well as 
nonmalignant diseases associated with abnormal vascularization 
such as age-related macular degeneration. 



MATERIALS AND METHODS 

Cell culture. M2R mouse melanoma and H5V mouse endothelial cells were 
cultured as monolayers in Dulbecco modified Eagle medium-F12 (Ham's 
F12 Nutrient Mix) containing 25 vaM N-[2-hydroxyethyl]piperazine-j/V 
ethanesulphonic acid], pH 7.4, 10% fetal calf serum (FCS), glutamine (2 
mAf), penicillin (0.06 mg/mL) and streptomycin (0.1 mg/mL) (hereafter 
referred to as the "culture medium"). Cells were grown at 37°C in an| 8% 
C0 2 -humidified atmosphere. 

Preparation of pigments. WST11 (molecular weight 940, Fig. 1) 
derived from Pd-Bpheid (WST09) by aminolysis with taurine 
sulfoemylenamine; Aldrich; St. Louis, MO) as described earlier (A. Brandis, 
O. Mazor, E. Neumark, V. Rosenbach-Belkin, Y. Salomon and A. Scherz, 
personal communication) and kept dry in the dark under argon. Stock 
solutions of WSTI 1 were prepared by dissolving the dry pigment directly in 
culture medium before use (for in vitro studies) or in PBS to the dei ired 
concentration for VTP in mice. Pigment purity and concentration were 
determined spectroscopically assuming eo(MeOH) = 1.2 X 10 5 AT 1 cm ' 
WSTI 1 using a Genesis-2 (Milton Roy; Rochester, NY) spectrophotometer. 

Cellular pigment uptake. WST11, similar to other Pd-Bchl derivatives, 
presents extremely weak fluorescence complementary to its very high 
of intersystem crossing, as shown recently for Tookad® (Y. Vakrat and A. 
Scherz, personal communication). Therefore, the uptake of pigments by 
cells could not be determined by measuring fluorescence. Similarly, 
determination by optical absorption after extraction into methanol 
found highly inaccurate at the lower concentration range. Because each 
WST11 molecule contains one Pd atom and its concentration can be 
determined to at least 1 ppb with inductively coupled plasma mass 
spectroscopy (ICP-MS; ELAN-6000, Perkin Elmer, Boston, MA), we chose 
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this mode of measurement as a viable alternative to determine the cellular 
content of Pd atoms under the selected experimental protocol Importantly, 
the chelating of Pd 2+ as a central metal within Bchl 2- macrocycle was found 
extremely stable in the range of pH 1—9 (data not shown) and under 
physiological conditions. Validation of the ICP-MS determination was 
carried out independently by comparing the Pd concentration in blood 
extracts with the WST1 1 concentration determined by its optical absorption 
in methanol (data not shown). Thus, cells were preincubated with the 
pigmen t for the indicated times, washed three times in PBS and collected 
using a rubber policeman. 

The sells were then centrifuged (2000 rpm, 5 min), resuspended in 
double- distilled water (DDW) and sonicated for 1 min. The protein in each 
sample was determined by Coomassie blue assay (27). For Pd analysis, the 
samples were prepared as described below. 

In vitro phototoxicity. To determine the pigment phototoxicity under 
standard conditions, cells were cultured in 96 well plates and preincubated 
in culture medium with the indicated concentrations of WST11 in the dark 
for 2 h To determine the cellular uptake of the pigment, the cells were 
preincubated with WST11 under different conditions as detailed in the 
individual experiments. Unbound sensitizer was then removed by washing 
the cells once with fresh warm culture medium, and the plates were 
illuminated at room temperature from the bottom for 10 min (650 < X < 800 
nm, 12 J/cm 2 ) using a 100 W halogen lamp (Osram; Munchen, Germany) 
equipped with a <650 nm cutoff and a 4 cm water filter. The culture plates 
were thai placed in the culture incubator and cell survival was determined 
24 h after illumination, using the neutral red cell survival assay (28). The 
reliability of the neutral red assay for the evaluation of Bchl -based pho- 
todynariic activity was confirmed by a comparative study using the MTT- 
thiazoy] blue assay. After subtraction of assay blanks, the net optical density 
(570 nm) was computed as the average value of triplicate determinations. Cell 
survival was calculated as the percentage of the dye that accumulated in the 
untreated controls. Experiments were conducted at least three times and 
representative experiments are shown. Three controls were used: (1) light 
control, cells illuminated in the absence of pigment; (2) dark control, cells 
treated with pigment but kept in the dark; and (3) untreated cells, cells kept in 
the dark. 

Animals. Male CD1 nude mice (8 weeks old, -30 g) or male WISTAR 
rats (6 months old, ~250 g) were housed with free access to food and water 
in the departmental animal facility. All experiments were conducted ac- 
cording to the guidelines of the institutional animal care and use committee 
of the Weizmann Institute of Science, Rehovot, Israel. 

Anesthesia. Mice were anesthetized by an intraperitoneal (i.p.) injection 
of 80 liL ketamine (100 mg/mL; Rhone Merieux, Lyon, France) and a 
xylazim; (2%; Vitamed, Benyamina, Israel) mixture (85:15, vol/vol). Rats 
were anesthetized by an i.p. injection of 300 uL ketamine and a diazepam 
mixture (1:1, vol/vol). 

Tumor model. Cultured mouse M2R melanoma cell monolayers were 
scraped under saline with a rubber policeman and implanted subcutaneously 
on the backs of the mice (2 X 10 6 cells/mouse, 30 uL); tumors developed to 
the treament size (6-8 mm in diameter) within 2-3 weeks. 

Biodistribution. After i.v. injection of the WST11 (6 mg/kg), the mice 
were euthanatized at the indicated times and samples of the indicated organs 
or tissues were placed in preweighted vials and immediately frozen on dry 
ice. For examination, each sample was thawed and homogenized (1:10, wt/ 
vol) in DDW. Aliquots of the homogenate (0.5 mL) were lyophilized in 1.5 
mL tesi tubes. To each dry sample, HN0 3 (200 uL, 70%; TraceSelect, 
Fluka, Buchs, Switzerland) was added and the test tubes were incubated for 
1 h at 90°C. The acid-digested samples were then transferred to test tubes 
containing 10 mL of DDW. Pd concentrations in these samples were de- 
termine J by ICP-MS. Background Pd levels in tissues were deterrnined 
on equivalent tissue samples obtained from untreated mice. Experimental 
values were corrected respectively and the results are given as WST11 
micrograms pigment per gram wet tissue (mean ± SEM). 

Pharmacokinetics. Anesthetized mice were i.v. injected with WST11 
(6 mg/kg), and blood samples (—50 uL) were drawn from the tail vein 
at the indicated times, placed in preweighed 1.5 mL test tubes, weighted 
and lyophilized. 

For iifusion studies, rats were catheterized in the femur and tail veins. 
WST11 (10 mg/kg) was then infused for 20 min into the tail vein by a 
dedicated infusion pump, and blood samples (~100 uL) were drawn from 
the femur vein at the indicated times, placed in preweighed 1.5 mL test 
tubes, weighed and lyophilized. Samples from both experiments were then 
prepared for Pd determination as described above. 



VTP protocol. The M2R tumor-bearing mice were anesthetized dnd 
WST11 (6 or 9 mg/kg) was injected i.v. via the tail vein. The tumors were 
immediately transcutaneously illuminated for 5 min using a 755 nm diode 
laser (CeramOptec, Germany) at the indicated light doses. After treatment, 
the mice were returned to the cage. The mice were considered cured if 
tumor free for 90 days after treatment. Mice were euthanatized when me 
tumor diameter reached 15 mm. The controls used were (1) dark control, the 
mice were i.v. injected with pigment and not illuminated; (2) light control, 
mice were illuminated without pigment injection; and (3) untreated control. 

Statistical analyses. Triplicate determinations were performed in cell sur- 
vival analyses and presented as the average ± SEM. All experiments were 
performed at least three times and representative examples are presented 



RESULTS AND DISCUSSION 

Cellular uptake of WST11 

To study the effect of temperature upon sensitizer uptake, endo- 
thelial H5V cells (Fig. 2A) and M2R melanoma cells (Fig. 2fc) 
were incubated at 4°C or 37°C with 10 \iM WST11, washed at the 
indicated times and analyzed for Pd content. As shown, pigment 
association at 37°C increased rapidly during the first 5—10 min and 
then leveled off at —50-60 min after the beginning of the incu 
bation. In contrast, at 4°C, WST1 1 rapidly associated with the cejls 
and leveled off at 10 min at lower concentrations. 

The amount of cell-associated WST11 (Fig. 2A) arrives at! a 
steady state in approximately 45 min. Pigment accumulation can pe 
described by the following equation: 



dlWSTlllJdt = Y - *[WST11], 

where d[WSTll] in /dt = 0 after -45 min of preincubation. 
The solution of Eq. la is 

[WST11L ==Y/*(l-<r*), 



(la) 



(lb) 



where k (in min -1 ) represents the rate constant for the sensitizer's 
efflux from the endothelial cells and Y represents the rate of the 
sensitizer's influx into the cells. This equation fits the experimental 
data regarding the temporal concentration of WST1 1 in the cells 
after incubation at 37°C with k = 0.0946 ± 0.0331 min" 1 (Fig. 2^, 
solid line). Notably, Eq. lb can also be interpreted in terms of a 
Langmuir adsorption curve, as discussed below. 

We next determined how the presence of serum affects WST11 
uptake by M2R cells at low and high temperatures. Figure 2C shows 
that short incubation (10 min) of the cells with 10 uAf WST11 at 
37°C in the presence of serum decreased Y/k by a factor of 3-5 
compared with cells incubated without serum. In contrast, the pres 
ence of serum had only a slight effect on WST11 uptake at 4 
(Fig. 2C). On the basis of these experiments, we concluded that 
WST1 1 is taken up by the cells in two modes; the first is strongly 
affected by serum and is inhibited by low temperature, whereas the 
second is independent of serum and is maintained at low temper- 
ature. The temperature dependence of pigment uptake in the pres- 
ence of serum suggests that active uptake takes place at 37°G 
agreement with endocytosis of other albumin-bound drugs, as de- 
scribed by others (29). 

The association of WST1 1 at 4°C with both M2R and H5V cells 
in the presence or absence of serum was nonphototoxic on ilu 
mination, whereas 80% of cell death was induced after preincu 
bation with WST11 at 37°C (Fig. 3). Notably, low temperatures 
were found to affect both active and passive pinocytosis of mol 
ecules of the WST11 size (as mentioned, WST11 forms small a g- 
gregates of 1-2 nm in diameter in the absence of serum) but not 
their adsorption to the cell membrane (29). Therefore, we propose 
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Figwii 2. Cellular uptake of WST11. H5V (A) or M2R (B) cells were 
preincabated with 10 uM WST11 at 37°C (squares) or 4°C (circles) for the 
indicated time periods, washed three times and collected. (C) M2R cells 
were preincubated for 10 min with 10 uA/ WST11 at 37°C or 4°C in the 
absence (empty bars) or presence (filled bars) of 10% FCS, washed three 
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Figure 3. Inhibition of WST11 phototoxicity at low temperature. H5V 
cells were preincubated with the indicated increasing concentrations of 
WST11 at 37°C (squares) or 4°C (circles), washed and illuminated (open 
shapes) or kept in the dark (closed shapes). The points are the mean ± SEM 
of triplicate determinations. 



that excitation of WST11 after preincubation at 4°C does not 
confer phototoxicity because the pigment localizes in sites that are 
not critically affected by ROS, possibly on the outer surface of 
the cell membrane. On the other hand, at 37°C, WST11 molecules 
reach appropriate targets for initiating phototoxic processes. 

The phototoxicity of WST11 depends on the concentration 
of SA during preincubation 

WST11 was shown to complex with BSA (K^c ~ 10 4 M" 1 ), and 
similar binding was obtained with human serum and with purified 
human SA (A. Brandis, O. Mazor, E. Neumark, V. Rosenb^ch- 
Belkin, Y. Salomon and A. Scherz, personal communication) 
complexation of WST11 should affect the cellular u] 
clearance rate and biodistribution of the pigment and consequently 
its phototoxicity and biological activity. Whereas unbound, free 
WST11 can undergo receptor-independent, fluid-phase pinocyto- 
sis, the SA-bound pigment may be subject to SA- or receptor- 
mediated trafficking (26). Notably, binding of other photosensi- 
tizers to SA but with significantly higher affinity constants {e,g, 2 X 
10 8 M~ l for hydroxyemyl-vmyl-deuterorx)phyrin [30]) could be 
detrimental to its photocytotoxicity, as demonstrated for Chlorin e 6 
derivative (Npe6) in P388 murine leukemia cells (31). The effect of 
serum proteins on the cellular uptake and photocytoxicity of PDT 
sensitizers is particularly important when considering treatment 
protocols for those that clear rapidly. Hence, we set out to study 
this effect with WST11. 

The phototoxicity of WST11 was markedly attenuated if 
proteins were present during preincubation (Fig. 4A). The apparent 
LD 50 of WST11 increased from ~1 uM after 2 h of preincubation 
in the absence of serum to ~4 uM in 10% FCS medium (10% FCS 
contains —60 uM BSA), with no dark toxicity in the tested con 
centration range. A similar shift was observed when WST11 
preincubated in the presence of increasing BSA concentrations (Fig. 



times and collected. Pd concentrations were determined by ICP-MS. The 
points are die mean ± SEM of triplicate determinations. AH other details 
were as described under Materials and Methods. 
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Figure 4. The effect of serum and BSA on WST11 phototoxicity. H5V 
cells were preincubated for 2 h with the indicated increasing concentrations 
of WST1 1 in (A) the absence (squares) or presence (circles) of 10% FCS or 
(B) in the absence or presence of BSA, 2 uM (circles), 10 uM (squares) or 
60 uM (triangles) or (C) in the presence of y-globulins. Cells were then 
washed with fresh medium and illuminated (open shapes) or kept in the 
dark (closed shapes). Points are mean ± SEM of triplicate determinations. 



4B). To confirm that the effect on the phototoxicity of WST11 is 
specific for BSA, cells were preincubated with WST1 1 in the pres- 
ence of 60 or 540 pM bovine y-globulins, washed and illuminated. 
As shewn in Fig. 4C, the presence of y-globulins had only a minor 
effect on the WST11 phototoxicity. The preferred affinity of 
WST1 1 to BSA was further demonstrated in concentrated solutions 
of W5T11 where the addition of BSA resulted in com- 
plete rionomerization of the sensitizer, while no such effect was 
observed on adding y-globulin (A. Brandis, O. Mazor, E. Neumark, 
V. Rosenbach-Belkin, Y. Salomon and A. Scherz, personal 
communication). Considering that phototoxicity can serve as 
a measure of pigment uptake, these findings suggest that binding 
to BSA (1) markedly reduces cellular uptake of WST1 1 as found for 
other phtosensitizers because of reduction in free pigment con- 
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Figure 5. The effect of serum and BSA on WST1 1 uptake kinetics, 
cells were preincubated for the indicated time periods with 10 uAT WST1 
washed and illuminated. Preincubation conditions were the absence 
squares) or presence of serum (filled circles) or BSA, 2 \iM (triangles), 
uM (diamonds) and 60 uAf (open squares). The results are presented as 
percentage of maximal cell killing. The points are the mean ± SEM 
triplicate determinations. 
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centrations (31,32) or (2) completely wipes out the phototoxicity of 
WST11 so that no photoxicity is conferred even if the pigment 
enters the cells, as suggested for the Npe6 in P388 leukemia cell 
suspension (31) (or both). Following this alternative, the percent* ge 
but not the rate of phototoxicity evolution should be affected by S A. 

Figure 2C shows that the addition of BSA markedly reduced the 
total amount of WST11 taken up by H5V cells at 37°C To study 
the effect of BSA on the uptake kinetics of WST1 1, we determined 
cell survival by monitoring increasing preincubation times with 
10 \iM WST11 in the absence or presence of 10% FCS or BSA 
(2-60 uM) (Fig. 5). 

Clearly, the rate for the evolution of photocytotoxicity decreased 
with increasing concentrations of BSA. The fastest rate of cell 
killing was observed in the absence of added proteins, whereas 
the presence of increasing BSA concentrations, this killing rate was 
attenuated progressively (Table 1). Complete cell killing was at- 
tained with 60 \xM BSA (the BSA concentration provided also by 
10% FCS) only after 120 min of preincubation. This observation 
rules out alternative (2) as a possible mechanism. 

The temporal evolution of phototoxicity can be simulated (r^g. 
5, solid lines) by the equation 

T(t)* = 100%(l-e-* 2t ), 



(2) 



where T(t) represents the fraction (in percent) of photointoxicated 
cells at t min after starting preincubation and k 2 is the rate constant 
for the evolution of phototoxicity. Apparently, at increased con- 
centrations of SA (either as part of FCS or when added in a purified 



Table 1. Uptake parameters of WST11 in H5V cells under 
medium conditions 



different 



Medium condition 



k 2 (min l ) 



10% FCS 
Without FCS 
2 uMBSA 
10 uM BSA 
60uMBSA 



0.088 ± 0.002 
0.172 ± 0.011 
0.148 ± 0.007 
0.117 ± 0.005 
0.04 ± 0.005 
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Figure 6. Inhibition of photocytotoxicity by sucrose. H5V cells were 
preinci bated for 2 h with increasing concentrations of sucrose and 10 uAf 
WSTi:. in the presence of the indicated BSA or FCS concentrations, 
washed once with fresh medium and illuminated or kept in the dark. The 
bars ar2 the mean ± SEM of triplicate determinations. 



form) k 2 decreased and the phototoxicity of WST11 reached sat- 
uration at longer times. The simplest explanation for this phe- 
nomenon, considering the above-mentioned formation of a 
complex between WST11 and SA, is that cellular uptake of the 
photosensitizer follows Langmuir adsorption to a limited number of 
sites (eventually SA receptors), N, at the cell membrane. 
Consequently, Eq. 2 is the solution for Eq. 3 



dx/dt = ti[WSTll][N - f (SA)](1 - jc), 



(3) 



where is the adsorption rate constant of the SA-WST11 com- 
plex, | WSTI 1] is the sensitizer concentration outside the cell, N is 
the total number of SA receptors, f(SA) is the fraction of receptors 
bound to noncomplex SA and x is the fraction of receptors free 
for binding SA-WST11. Thus, k 2 = kJWSTU]\N - f(SA)]. 
Evidently, on increasing [SA] in the preincubation medium, f(SA) 
increases and k 2 decreases as observed (Table 1, Fig. 5). Thus, the 
formation of a complex with BSA affects both the overall con- 
centration of free pigments and rate of WST11 uptake by H5V 
cells, probably in a receptor-mediated fashion. In fact, approaching 
physiological SA concentrations, there is practically very little up- 
take of WSTI 1 within the first few minutes of incubation (A. 
Brand is, O. Mazor, E. Neumark, V. Rosenbach-Belkin, Y. Salomon 
and A. Scherz, personal communication). 

The photocytotoxicity of WST11 becomes sucrose dependent 
in tht presence of albumin 

To verify the significance of the formation of the WST11-BSA 
comp] ex to the photodynamic activity with WSTI 1 , we examined the 
phototoxicity of the sensitizer under conditions that should affect 
album in endocy to sis but not the cellular uptake of free WST 1 1 . Hyper- 
tonic conditions, encouraged by high sucrose concentrations, affect 
the endocytosis of SA (33-35), although it is traditionally considered 
as a riarker for fluid-phase endocytosis (pinocytosis). Remarkably, 
when incubated in the presence of 0.2 M sucrose, the rate of [ 125 I]- 
tyramine cellobiose-labeled BSA accumulation in hepatocytes dec- 
lined by —50% compared with controls containing no sucrose (36). 

Figure 6 shows the effect of increased sucrose concentration on 
the phototoxicity of WST11. In the absence of serum, the pho- 
totoxicity of WSTI 1 was almost unaffected by sucrose (0-0.4 M). 
However, in the presence of BSA (> 10 uM), the phototoxicity of 
WST 1 1 significantly declined with increasing sucrose concentra- 
tions (25% cell survival at 0.4 M sucrose). At 60 uM BSA and 0.4 M 
sucrose as in 10% FCS, cell survival increased to —65%. Notably, 
the effect of sucrose on the temporal evolution of photocytotoxicity 
and its maximal value reported in this study appear similar to the 
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Figure 7. The effect of FCS and BSA on WST11 exocytosis rates. (A) 
H5V cells were preincubated for 2 h with 10 \xM WST11 in medium c 
taming 10% FCS (comprising —60 uAf BSA). Cells were then washed ^uid 
further incubated under different medium conditions without WSTI 1. Cells 
were ffluminated thereafter at the indicated time points. The medium 
conditions were the absence (filled diamonds) or presence (open diamonds) 
of serum, 2 uAf (filled triangles), 10 uM (filled squares) or 60 \\M (filled 
circles) of BSA. The points are the average of triplicates ± SEM. (B) ^ach 
experimental point of (A) was translated to effective WSTI 1 concentrations 
on the basis of Fig. 3 as a cahbration curve. The lines were fitted according 
to Eq. 3. 



previously reported effect of this agent on the kinetics of SA 
accumulation and its steady-state concentration in cells (35). This 
finding provides additional support to our hypothesis that in the 
presence of S A, the majority of WSTI 1 enters the cells as WST 1 1 - 
BSA complexes and very little as free WSTI 1, which was foun^i to 
be sucrose independent. 

Exocytosis of WST11: effects of serum proteins and albumin 

cell 
iV 
h, 



H5V 



To further explore the role of serum proteins or SA in WSTI 1 
trafficking, we performed the following set of experiments 
cells were preincubated with 10 yM WST11 in 10% FCS for 
followed by replacing with a WSTI 1-free medium but with different 
concentrations of BSA. Cells were then illuminated at different til nes 
after medium change and cell survival was determined. As shown 
Fig. 7 A, cell survival after medium replacement leveled off at 
positively correlated with the BSA concentrations. In the presence of 
up to 2 uM BSA, cell survival increased from 10% to 30% within 
min without any further change. In the presence of higher ~ 
concentrations, cell survival reached 90% after 60 min (for 60 
BSA and 10% FCS) or 100% at 120 min (for 10 uM BSA). 
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60 
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Table 2. Exocytosis parameters of WST1 1 in H5V cells under different 
medium conditions 



Medium condition 



k 3 (min l ) 



10% I CS 
Withoat FCS 
2 uAf BSA 
10 uA< f BSA 
60 uAs f BSA 



0.023 ± 0.005 
0.071 ± 0.019 
0.053 ± 0.007 
0.029 ± 0.003 
0.023 ± 0.005 



To further illustrate this point, cell survival under each condition, 
as shown in Fig. 7A, was translated into the level of phototoxicity 
induced by effective concentrations of ambient WST11 in the pre- 
incubation step (Fig. 7B), taking the results of Fig. 3 as a calibration 
curve. ITie variation in the effective concentration of WST1 1 could 
be well fitted with a simple exponential equation, 

[WSTll]=a + *exp(-fet), (4) 

where /; 3 stands for the rate of cell detoxification, "a" represents 
a fraction of WST1 1 that cannot be cleared from the preincubated 
cells and "b" stands for the cleared fraction. The exocytosis param- 
eters ar? summarized in Table 2, and as can be seen, increasing the 
BSA concentrations decreased a while increasing b. The rate con- 
stant, k :h appeared to remain practically constant at >10 uM BSA, 
and it s gnificantly increased at low or null BSA concentrations. 

On the basis of these observations, we speculated that de- 
activation of WST11 during exocytosis involves binding to BSA 
molecules that undergo continuous endocytosis and exocytosis. 
Thus, the BSA molecules serve as a carrier for exocytosis of WST1 1 
molecules from endothelial cells to the extracellular space where 
they dilute. Increasing the BSA concentration in the medium after 
incubation should enhance this mobilization, as shown in Fig. 7. 
Interestingly, binding to BSA appears essential for cellular detoxi- 
fication after washing because phototoxicity seems to remain for 
a long lime in the absence of external WST11 concentrations (Fig. 
7). Moreover, the exocytosis rate in the absence of BSA is higher 
(Table 2), but this process can remove only a small fraction of the 
WST11 from the cell. The dependence of cell survival on BSA, as 
shown in this study, suggests the active involvement of this serum 
protein in the trafficking of WST1 1 both into and out of the treated 
cells. Taking that observation into consideration, we propose that 
under conditions where physiologically relevant BSA concentra- 
tions (>60 [iM) are present the uptake and release of WST11 by 
H5Y ce lis is mostly, if not completely, BSA mediated. However, on 
the basis of the equilibrium constant for BSA-WSTll association 
(K ~ 10 4 AT 1 ), the incubating medium at 60 \\M BSA and 10 uM 
WST1] should contain ~4 uM of free WST11, a much higher 
concentration than LD 50 in a BSA-free solution. This paradoxical 
finding may be explained by assuming that the BSA concentration is 
increased locally in the cell membrane compartments during inter- 
nalization. Having WST11 exposed to increased BSA concen- 
trations in the fluid phase of early endosomes should shift the 
equilibrium toward further association of WST11 with BSA mole- 
cules. ITius, we propose that although the external concentration of 
free WST1 1 is significant, it markedly decreases on entering the 
cells because of intracellular binding to BSA or other intracellular 
proteins. To gain phototoxicity, the SA-WST11 complexes prob- 
ably have to enter the lysosomes where they most likely dissociate. 
Indeed, accumulation of other hydrophilic sensitizers in the lyso- 
somes was reported previously (37-39). 
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Figure 8. Clearance rate of WST11 in mouse blood after i.v. injection. 
WST1 1 (6 mg/kg) was i.v. injected into CD1 nude mice, and blood sampl 
were taken from the tail vein at the indicated times. WST1 1 concentrations 
(dots) were determined (by ICP-MS of Pd) and given as micrograms 
WST11 per gram blood. Other details were as described in the Materials 
and Methods section. The values are the mean ± SEM of three mice. The 
solid line shows the theoretical fit using Eq. 5. 



Our data suggest that exocytosis of WST11 from H5V cells 
includes at least two steps (36) involving X 2 -> X 3 -» X4, whe re 
the first step comprises the conversion of a free phototoxic WST1 
(X 2 ) into a nonphototoxic BSA-bound complex entrapped 
plasmallema-derived vesicles (X 3 ). In the second step, 
vesicles return to the plasmalemma membrane (X 4 ) and urn 
extravasation. 

In all, WST11 distribution in endothelial cells is proposed to 
a four-step process: Xi -> X 2 -> X 3 -» X4, where Xi and X 4 
resent WST11-SA complexes available for endocytosis and 
cytosis, respectively. This scheme is a variant of the three 
Poison jump process suggested by Niles and Malik (36) to 
scribe a particulate dye distribution in endothelial cells, 
new vesicles were found to enter state X 2 at a rate given by Eq. 
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Pharmacokinetics of WST11 in mice 

VTP with Tookad® and WST1 1 aims at shutting down the tumpr 
blood supply (A. Brandis, O. Mazor, S. Gross, N. Koudinova, 
Gladysh, R. Hami, N. Kammhuber, V. Rosenbach-Belkin, M. 
Greenwald, A. Bondon, G. Simonneaux, H. Scheer, Y. Salomon 
and A. Scherz, personal communication, 11,40). In this protocol, 
the tumor is illuminated when the drug concentration in the blood 
is high, i.e. immediately after drug injection. To determine tie 
clearance rate of WST11 from the circulation, the drug was bol^s 
i.v. injected into nude mice (6 mg/kg) and blood samples 
taken from the tail vein at various time points thereafter. Figure 
shows the clearance of WST1 1 from the blood after injection. The 
kinetics is monoexponential 



y = a + bexp ( ta \ 



(5) 



with t 1/2 = 1.65 min. Approximately 90% of the injected pigment 
cleared within 5 min, reaching almost background levels 30 
after injection. The corresponding rate of elimination (K^) 
0.42 min -1 , the volume of distribution (VJ was 2.12 mL and the 
clearance rate was 0.89 mL/min. 
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Figure 9. Biodistribution of WST1 1 in mice bearing melanoma xeno- 
grafts. Mice were euthanatized at different times after i.v. injection of 
WST11 (6 mg/kg), and WST11 content in the respective tissue samples 
were determined (by ICP-MS of Pd) and presented as micrograms WST11 
per gnm wet tissue, as described in the Materials and Methods section. The 
values for each time point represent the mean ± SEM of three to six 
animals. Value for brain, testes, fat and muscle are not presented, yet found 
to be l>elow 5ug/g wet tissue. 



WSTL1 does not extra vasate from the circulation and 
rapidly clears from the animal body 

Figure 9 shows the biodistribution of WST1 1 in M2R melanoma- 
bearir g mice after bolus i.v. administration (6 mg/kg body). The 
highest levels of WST1 1 in the blood were found immediately after 
inject: on (2 min) and in the liver, kidney, lung and spleen only 5 min 
after injection. Clearance of WST11 was completed in all these 
tissues by 60 min but in the lungs by 4 h with only background levels 
remaining 24 h after administration in any of the examined tissues. 
The clearance rate of WST11 from the lung (t iy2 ~ 40 min) was 
markedly slower than from other tissues and significantly slower 
than :i-om the liver (—20 min). The biodistribution and rate of 
clearance of WST1 1 from tissues may be related to water solubility 
and the negative charges introduced by the taurine side group and its 
complexation with SA (41). Taurine is a P-amino acid normally 
present in the intracellular fluid, and it is widely distributed in many 
tissues including the brain, retina and liver of mammals (42). It 
appears to be involved in brain and retinal development, osmoreg- 
ulation, detoxification and xenobiotic conjugation. Conjugation of 
taurine to different molecules in the liver in the course of their 
detox ification increases their polarity and aqueous solubility, thereby 
facilitating their hepatic clearance (42). Thus, the rapid clearance of 
WST I 1 from the liver compared with that of Tookad® (t 1/2 = ~5 h in 
the liver) could be anticipated. The temporal accumulation of 
WSTl 1 in the lungs is probably related to its association with SA and 
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Figure 10. Blood levels of WST1 1 during and after infusion. WISTAR rats 
were infused for 20 min with WST1 1 (10 mg/kg), and blood was drawn at 
the indicated time points. WST11 concentrations were determined by ICP- 
MS for Pd. The graph is a representative example of one rat (out of three). 



its transcellular trafficking through the caveoli of endothelial cells 
this organ (43). The significant differences in structure between 
polar WST 11 and the hydrophobic Tookad® may therefore 
reflected in their different biodistribution and pharmacokinetics 
rapid elimination of WST 1 1 from the blood without accumulation 
the skin assures the absence of coetaneous phototoxicity, as 
found for Tookad® (A. Brandis, O. Mazor, S. Gross, N. Koudinqva, 
E. Gladysh, R. Hami, N. Kammhuber, V. Rosenbach-Belkin, 
Greenwald, A. Bondon, G. Simonneaux, H. Scheer, Y. Salomon 
A. Scherz, personal communication). 
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Infusion of WST11 can extend its presence in the circulation 

As shown previously, WST1 1 clears rapidly from the circulation, 
leaving only a short time- window for illumination where pigment 
levels in the blood are photodynamically effective. This may pose 
some technical difficulties in the PDT protocol in large animals and 
humans where manipulations of surgical gear may not be so fast. 
Thus, extension of the effective time-window may be achieved by 
sensitizer infusion without increasing the total drug dose deliveied. 
Theoretically, by infusion, drug levels will reach their maximum in 
the blood within 4.3 t 1/2 and will remain so during a constant 
infusion rate (41). On termination of infusion, the drug is expect© i to 
clear with its inherent clearance rate. Changing the rate of infusioi i or 
the injected dose will affect the maximal circulating levels reached 
without changing the time needed to attain a maximal level (38). 

To test the feasibility of this approach, we infused WST 11 to 
rats for 20 min and its circulating levels were monitored by blood 
sampling at the indicated time points (Fig. 10) followed by deter- 
mination with ICP-MS. Figure 10 shows that the WST11 con- 
centration in the blood increased initially for —20 min and staited 
to level off without reaching a steady-state concentration by the 
end of the infusion. Immediately after the infusion was stopped, 
WST1 1 cleared according to a monophasic behavior according to 
Eq. 8. The calculated t 1/2 of WSTl 1 after infusion was found to be 
7.12 ± 0.37 min (n = 3). Thus, 40 min after the end of infusion, 
the circulating concentrations of WSTl 1 reached the background 
level. Evidently, during infusion, small aggregates of WST 11 dis- 
sociated and bound to albumin (at —60 uAf WSTl 1 and —600 uAf 
BSA, >90% of the pigment should become SA-bound, assuming 
an equilibrium constant of 10 4 AT 1 ). Thus, the clearance rate con- 
stant after bolus injection probably reflects the pharmacokinetics of 
small WST 11 aggregates, and on infusion, the clearance rate re- 



350 Ohad Mazor etai 



presents the pharmacokinetics of albumin-bound molecules. At 3 X 
ti/2 (~21 min), one expects the WST11 to arrive at a steady-state 
concentration in the plasma. Note that the clearance rates of WST1 1 
from the mouse and rat blood are expected to differ (because of 
a slower circulation rate, metabolism, etc) (41). 

PDT of melanoma xenografts with WST11 

In light of the pharmacokinetic results described, the VTP protocol 
was se t for 5 min of illumination starting immediately after the i.v. 
injection of the pigment. To determine the optimal conditions for 
the VIP protocol, we varied the drug and light doses over the 
indicated ranges (Fig. 11). Mice bearing M2R melanoma xeno- 
grafts were injected i.v. with WST11 (6 or 9 mg/kg body) and 
immediately illuminated at increasing light doses (30-45 J/cm 2 ). 

After VTP, all treated tumors developed necrosis within 
24-48 h. Tumor flattening was observed for the next 14 days. 
The best results with 6 mg/kg WST11 were obtained with a light 
dose of 45 J/cm 2 (6/10 mice cured and monitored for up to 90 
days). At lower light doses (39 and 30 J/cm 2 ), the cure rates 
declined to 2/8 and 6/14 mice, respectively. Increasing the WST1 1 
dose to 9 mg/kg at a light dose of 30 J/cm 2 improved the treatment 
outcome to 70% cure (7/10 mice) at 90 days after treatment. The 
tumor growth rate in the light, dark and untreated controls was 
similar, and no skin toxicity was observed at 30 min after i.v. 
injection (data not shown). These results are similar and even better 
than those obtained with Tookad® on the same tumor model (60% 
cure, 10 mg/kg, 90 J/cm 2 ) (11). Tumor recurrence, if observed, 
occurred in —25% of the treated animals mainly at the tumor rim. 
A similar phenomenon but to a much higher extent was observed in 
tumor models treated by antivascular chemotherapy (AVT) 
reagents and was proposed to reflect accelerated neoangiogenesis 
at the tumor rim (44). Notably, although tumor regrowth in the 
AVT was observed with the majority of treated animals, most of 
the VrP-treated animals were cured and, on increasing the light 
fluence or the applied drug dose (or both) the cure rate even 
increased. Furthermore, in other tumor models such as human 
colon carcinoma, we observed tumor regrowth in only 9% of the 
treated animals (A. Scherz and coworkers in preparation). Thus, 
with respect to local tumor treatment, VTP with WST1 1 appears to 
have a clear advantage over treatment with AVT reagents. 

CONCLUSIONS 

The results of this study show that WST1 1 is an effective and safe 
sensitizer for VTP of relatively large solid tumors. In preliminary 
experiments, we have demonstrated a shutdown of the tumor vas- 
culature by WST11-VTP already within the course of illumination 
(O. Miizor, in preparation). The significance of sensitizer binding to 
SA for conferring VTP warrants additional comments. Such bind- 
ing may have two effects: (1) because of the long half-life of SA 
(19 days for humans and 3-4 days for smaller animals such as 
rabbits) (45), it may significantly extend the drug's lifetime in the 
circulation and thereby its bioavailability; and (2) complexation 
with SA should bring the drug to SA target organs such as liver, 
spleen, kidneys and lungs. Hence, liver and hepatic temporal 
accumulation and clearance (for smaller molecules) characterize 
drugs i hat adsorb to SA (46). The overall clearance of the drug and 
its biodistribution depend on the affinity to SA relative to tissue 
and cellular factors in the target organs. Most reported photo- 
sensitizers that were found in complexes with SA had a signifi- 
cantly higher affinity to the serum protein than WST1 1. Such high 




Days after treatment 

Figure 11. PDT of melanoma xenografts with WST1 1 . Mice bearing M2R 
melanoma xenografts were i.v. injected with WST11 (6 mg/kg) and 
illuminated for 5 min with a light dose of 30 J/cm 2 (n = 14, filled squares), 
39 J/cm 2 (n = 8, filled diamonds) or 45 J/cm 2 (n = 10, filled mangles). Mice 
that were injected with 9 mg/kg of WST1 1 were illuminated for 5 min with 
30 J/cm 2 (n = 10, filled circles). Control groups: untreated (n = 4, o]>en 
squares), the dark control received 6 mg/kg (n = 4, open circles) or 9 mg/kg 
(n = 5, open triangles) of WST1 1 and the light control, 45 J/cm 2 (n =\ 6, 
open diamonds). 



affinities pose a problem for PDT or VTP because of the prolonged 
residence in the circulation, and the potential accompanying slow 
extravasation to surrounding tissues should subject the patient to 
prolonged skin toxicity. This may account for the 6 weeks of 
potential toxicity of HPD-treated patients (~3 • X l/Z of SA in 
humans). Hence, the moderate affinity of WST11 (10 4 M~ l ) is an 
important advantage because it assures SA-mediated trafficking in 
the body but allows for rapid dissociation and subsequent clearance 
in the liver and kidneys as found, for example, for warfarin and 
other drugs (47). 

Taken together, the characteristics of WST11 make it a prom- 
ising VTP sensitizer for vascular-associated diseases such as cancer 
and age-related macular degeneration (48). 
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ABSTRACT 

New negatively charged water-soluble bacteriochlorophyll 
(Bchl) derivatives were developed in our laboratory for 
vascular-targeted photodynamic therapy (VTP). Here we 
focused on the synthesis, characterization and interaction of 
the new candidates with serum proteins and particularly on the 
effect of serum albumin on the photocytotoxicity of WST11, a 
representative compound of the new derivatives. Using several 
approaches, we found that aminolysis of the isocyclic ring with 
negatively charged residues markedly increases the hydrophi- 
licity of the Bchl sensitizers, decreases their self-association 
constant and selectively increases their affinity to serum 
albumin, compared with other serum proteins. The photo- 
cytotoxicity of the new candidates in endothelial cell culture 
largely depends on the concentration of the serum albumin. 
Import intly, after incubation with physiological concentrations 
of serum albumin (500-600 uAf), WST11 was found to be poorly 
photocytotoxic (>80% endothelial cell survival in cell cultures). 
However, in a recent publication (Mazor, O. et al [2005] 
Photochem. PhotobioL 81, 342-351) we showed that VTP of M2R 
melanoma xenografts with a similar WST11 concentration 
resulted in -100% tumor flattening and >70% cure rate. We 
therefore propose that the two studies collectively suggest that 
the antitumor activity of WST11 and probably of other similar 
candidates does not depend on direct photointoxication of indi- 
vidual endothelial cells but on the vascular tissue response to 
the VTP insult 

INTRODUCTION 

The role of vascular shutdown in the induction of tumor necrosis is 
now well established and it has provided the motivation for several 
new avenues of cancer treatment (1-3). Novel methods of anti- 
vascular therapy are rapidly being developed for the treatment of 
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solid tumors and nonmalignant diseases associated with abnor- 
mal vascularization. The methodology of antivascular therapy is 
based either on destroying existing blood vessels, preventing 
the formation of de novo neovascularization or inhibiting 
blood flow (4). All these interventions result in oxygen and nutri- 
ent deprivation in the treated tissues, which is expected to cause 
complete starvation and total necrosis of the malignant cells. 
Similar treatment modalities are currently aimed at age-related 
macular degeneration (AMD) (5) and look promising for the 
treatment of obesity (6). 

The antivascular effect of photodynamic therapy (PDT) 
some reagents has been recognized for quite some time and has 
been utilized in several clinical protocols (7). PDT is a relatively 
new treatment modality whereby nontoxic drugs (sensitizers) and 
nonhazardous light (VIS/NIR) combine to generate cytotoxic 
reactive oxygen species (ROS) at a selected treatment site. 
Numerous experiments have indicated that tumor regression and 
cure after most PDT treatment protocols involve the occlusion 
and/or perforation of blood vessels (8-12), in addition to the direct 
killing of tumor cells. This effect is more pronounced in trealment 
protocols that involve short light/drug intervals and/or more 
hydrophilic sensitizers (13). Differences between the response of 
the tumor and the normal tissue vasculature may provide the key in 
selecting the best treatment (14-22). 

In looking for a more effective and selective vascular-targeted 
PDT (VTP), we have synthesized new bacteriochlorophyll ( Bchl) 
derivatives (23). These new derivatives present minimal extrava- 
sation from the circulation (24,25) and therefore should confine 
ROS generation to the vascular compartment of the illumiiated 
tissue. Chen et aL (26) recently reviewed several of these com- 
pounds. Their illumination at the highest concentration in the blood 
(shortly after bolus acmiinistration or after approaching a steady- 
state concentration following perfusion [27]) resulted in a very 
rapid occlusion of tumor blood vessels and a markedly sl ower 
occlusion of normal blood vessels (19,28). Pd-bacteriopheophor- 
bide (Pd-Bpheid, Tookad®) is the first of these drugs to enter clin- 
ical trials (Phase II) for treating local recurrent prostate cancer after 
failed radiation. However, vascular destruction with Tookad®, as 
with several other PDT reagents, was shown to involve hemor- 
rhagic necrosis (29), which may induce nondesirable effects when 
applied to certain tumor sites such as the brain and lungs. More- 
over, hemorrhagic necrosis may induce local mflammation and 
the subsequent proliferation of neovessels, which may retard the 



983 



984 Alexander Brandis et ai. 



therapeutic effect (4). Thus, VTP, which causes vascular shutdown 
while minimizing the direct destruction of endothelial cells and 
the subsequent infarction of the blood vessels, is desirable under 
some circumstances. 

To explore this possibility and its practical implications, we 
decided to synthesize a number of hydrophilic Bchl derivatives that 
cause minimal photodamage to endothelial cells under physiolog- 
ically relevant conditions in vitro but still maintain high VTP 
efficacy in vivo. The synthesis of hydrophilic Bchl derivatives was 
performed via aminolysis of the Bchl isocyclic ring. This reaction 
was shown to be simple and regioselective when used for the 
synthesis of chlorophyll (Chi) amide derivatives at the C-13 1 
position (30-37). The obtained compounds appeared to be highly 
water-soluble as well as potent antivascular sensitizers. Here we 
describe the synthesis, solubility and affinity of serum proteins and 
the spectral properties of the new compounds in aqueous solutions 
as well ;ts their photocytotoxicity against endothelial cell lines with 
different concentrations of serum proteins. In a previous manu- 
script (:>8), we reported on the biological activity of WST11, a 
representative of this new group of photosensitizers, selected for 
clinical trials (24,38). The previous report describes the cellular 
trafficking, biodistriburjon, pharmacokinetics and PDT of M2R 
melanoma xenografts. Remarkably, Mazor et ai (38) showed that 
the representative water-soluble Bchl-based sensitizer (WST11), 
which was found to be practically nonphototoxic against individual 
cells in cultures in physiological serum albumin concentrations, is 
highly active as a VTP reagent. In a view of these observations, we 
think that WST11 and other similar compounds of that family, 
which are relatively nonphototoxic to the endothelial cells but 
possess potent antitumor activity, are good candidates for VTP, 
particulrirty when hemorrhagic necrosis is undesirable. 



MATERIALS AND METHODS 

Materials. 3-Amino-l -propane sulfonic acid (homotaurine, Aldrich, Mil- 
waukee, WI), 2-aminoethane sulfonic acid (Taurine, Sigma, St Louis, MO), 
N-hydroxysulfosuccinimide (sulfo-NHS, Pierce, Rockford, IL), l-(3- 
dimethylaminopropyl)-3^thylcarbodiimide (EDC, Fluka, Buchs SG T Swit- 
zerland). 

Methods. Thin-layer chromatography (TLC) was performed on silica 
plates (K ieselgeI-60, Merck, Darmstadt, Germany). System A: chloroform- 
methanol (80:20, v/v); system B: cMoroforni-merhanol-water (65:30:0.4, v/v). 

Column adsorption chromatography was performed with silica (70/200 
mesh, K eselgel-60, Merck). 

! H Nuclear magnetic resonance (NMR) spectra were recorded on Avance 
DPX 2?0 and 400 instruments (Bruker, Rheinstetten, Germany) and 
reported in parts per million (5) downfield from tetramethylsilane with 
residual solvent peaks as the internal standards. 

Optical absorption spectra were routinely recorded with Genesis-2 
(Milton Roy, Berkshire, England). More accurate measurements, e.g. for 
performing factor analysis as described below, were performed with a 
Cary-5E instrument (Varian, Palo Alto, CA) by using 0.1, 2 and 10 mm 
path length quartz cells. 

Circular dichroism spectra were recorded by an Aviv-202 CD 
spectrometer (Aviv Instruments, Inc., Lakewood, NJ) by using rectangular 
quartz cells with a 5 and 10 mm path length. 

For determining the extinction coefficients of the Pd-, Cu-, Zn- and Mn- 
containing derivatives, the metal concentration determined by the pre- 
viously described ICP-AES methodology (SpectroRame, Spectro, Kleve, 
Germany) was correlated with the optical density of the examined solution 
at the pEjticuIar wavelength (39), assuming one metal ion per macrocycle. 

The hydrophobicity values of the compounds were expressed in terms of 
their partition coefficient (P) between «-octanol:water and determined as 
recently described (40). 

Electnspray ionization mass spectra (ESI-MS) were recorded on 
a platform LCZ spectrometer (Micromass, Manchester, England). 



High-performance liquid chromatography (HPLC) was carried out using 
a LC-900 instrument (JASCO, Tokyo, Japan) equipped with a MD-915 
diode-array detector. Column: ODS-A 250 X 20 S10P-um column (YMC, 
Kyoto, Japan). 

Hie partition of photosensitizers among serum proteins was estimated by 
the following steps. | 

(J) Preparation of photosensitizer-serum protein complexes. |Two 
hundred microliters of Tookad® (a micellar solution of 3 in aqueous 
medium at 2.5 mg/mL stabilized with Cremophor EL®, provided by 
Negma-Lerads, Magny-Les-Hameaux , France; batch no. 56D05002, lot no. 
02120) and 180 pL of aqueous solution of 10 (4 mM) were incubated with 
fetal calf serum (FCS, 0.6 mL; Kibbutz Beit Haemek, Israel) at 37°C jn the 
dark for 10 min. The mixtures were loaded onto PD-10 columns containing 
Sephadex G-25 M (Pharmacia, Biotech, Piscataway, NJ) and eluted by 
using phosphate-buffered saline (PBS) (pH 7.4, containing 4.7 1 mM 
emylenediaminetetraacetic acid [EDTA]) or TBE (89 mM Tris-borate, 
pH 8.3, 2 mM EDTA) buffer, both stabilized with 0.2% sodium azideL The 
fast-running colored zone containing sensitizer-protein complexes: was 
collected for further analysis. The sensitizers recovery was estimated spec- 
trophotometrically (Genesis-2, Milton Roy) in 93% methanoI/TBE buffer 
(for 3) and 50% methanoI/TBE buffer (for 10). 

(2) Size-exclusion chromatography. Size-exclusion chromatography was 
performed by using a Superose 6 HR 10/30 (Pharmacia, Biotech) column, 
connected to a HPLC system. Elution was performed with PBS or a TBE 
bufTer at a flow rate of 0.4 mL/min (41 ,42). After primary equilibration of 
the column (two column volumes with the bufTer), the sample (250 ui ) was 
injected. Fetal high-density lipoprotein (HDL), obtained from serum 
ultracentrifugation (43) and bovine serum albumin (BSA) (Spgma, 
catalogue no. A 2153) was used for calibration (see Fig. 6a). 1>ie elution 
profile was monitored by using a diode-array detector at a 220-900 nm 
spectral range. 

Determining the sensitizer-BSA association was carried out by the 
interaction of BSA with increasing amounts of 10. Concentrations iri PBS 
(0.5 mL) after mixing: BSA, 10 uAf; compound 10, 2, 5, 10, 20 and 50 \xM. 
The mixtures were briefly vortexed, incubated for 5 min at 37°C and 0.5 h 
at room temperature, loaded onto PD-10 (Sephadex G-25) columns and 
prewashed with 25-mL portions of TBE buffer. The associates were eluted 
with 6-mL portions of TBE buffer. The obtained eluates were frozen and 
lyophilized overnight The dry residues were extracted with melhanol 
(2 mL for each sample). The extracts were centrifuged in 2-mL microtubes 
to remove insoluble material and the amounts of sensitizer were determined 
spectophotometrically. 

Factor analyses were performed following Noy et al. (44). Samples 
containing different concentrations of tested sensitizers (1 uM-3 mM) or 
BSA (0-1 mM) were prepared. 

Synthesis. Bacteriochlorophyll a (Bchl a) (J) was extracted and purified 
from lyophilized cells of Rhodovolum sulfidophilum as previously 
described (23). 

Bacteriopheophorbide a (Bpheid, 2) and palladium bacteriopheophor- 
bide a (Pd-Bpheid, 3, Tookad®) were prepared as described (45 and 23, 
respectively). 

Palladium bacteriochlorin J3 J -(3-sulfopropyl)amide dipotassium salt 
(5). Homotaurine (30 mg) dissolved in 1 mL of 1 M K 2 HP0 4 (pH adjusted 
with HC1 to 8.2) was added to a solution of Pd-Bpheid (3) (20 mg) in 
dimethyl sulfoxide (DMSO) (3 mL) while stirring and argon was bubbled 
into the solution. Then, the reaction mixture was completely dried after a 40 
min evaporation at 1-2 millibar and 35°C (Rotavapor R-134, Btiche, 
Switzerland). The solids were redissolved in 7 mL of MeOH, arid the 
colored solution was filtered through cotton wool to remove buffer salts and 
excess taurine. Next, the methanol was evaporated and the prodjct 5, 
redissolved in water, was purified by HPLC, applying 5% methaiol in 
5 mM phosphate buffer at pH 8.0 as solvent A and methanol as solvent B 
using gradient elution: B, 45% (0 min), 70% (14 min), 100% (16-1 8 min), 
45% (24 min), with a flow rate of 12 mL/min from 0 to 14 min and 
thereafter at 6 mL/min. The product 5 was eluted and collected in ~9-U 
min. The main impurities, collected after 4-7 min (ca 3-5%), corresponded 
to Schiff base by-product(s). The peaks at 22-25 min (ca 1-2%) possibly 
corresponded to the isoform of the main product 5 and the untreated Pd- 
Bpheid residues. The purified product 5 was dried under reduced pressure, 
then redissolved in methanol (3 mL) and filtered from insoluble material. 
Finally, the solvent was evaporated again and the solid compound 5 was 
stored under argon atmosphere in the dark at -20°C. Yield: 23 mg (87%), 
ESI-MS (-): 889 (M~-K-H), 873 (M~-2K-H+Na), 851 (M"-2K), 81^ (M~ - 
2K-H-OMe) m/z. ! H NMR in methanol^, S: 9.36 (5-H, s), 8.74 (10-H, s), 
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8.54 (20-H, s), 5.30 and 4.93 (15 ] -CH 2 , dd), 4.2-4.4 (7,8,17,18-H, m), 3.85 
(15 3 -Me s), 3.50 (2 f -Me, s), 3.16 (I2'-Me, s), 3.05 (3 2 -Me, s), 1.90-2.40, 
1.56-1.74(17*, 17 2 -CH 2 , m), 2.14 tf'-CHi, m), 1.90 (7 '-Me, d), 1.59 (18 1 - 
Me, d), 1.08 (8 2 -Me, t), 3.57, 3.03 and 2.77 (CH 2 s of homotaurine). UV- 
VIS in methanol (e X 10 5 A^cnT 1 ): 747 (1.21), 516 (0.16), 384 (0.50), 330 
(0.61) ran. 

Palladium hacteriopheophorhide a n 3 ~(3-sulfo~l-oxy-succinimide)ester 
sodium salt (6). Fifty milligrams of Pd-Bpheid (3), 80 mg of N- 
hydroxysulfosuccinimide (sutfo-NHS) and 65 mg of l-(3-dimemy]amino- 
propyl)-:t-ethylcarbodiimide (EDC) were mixed in 7 mL of dry DMSO 
overnight at room temperature under argon atmosphere. Next, the solvent 
was evap lorated under reduced pressure. The dry residue was redissolved in 
chlorofojm (50 mL), filtered from the insoluble material and evaporated. 
The conversion was -95% (TLC). The product 6 did not undergo further 
chromatographic purification. ESI-MS (-): 890 (M~-Na) m/z. NMR in 
chlorofoi-rn-d, 5: 9.19 (5-H, s), 8.49 (10-H, s), 8.46 (20-H, s), 5.82 (13 2 -H, 
S ), 4.04-4.38 (7,8,17,18-H, m), 3.85 (13 4 -Me, s), 3.47 (2 L Me, s), 3.37 (12 1 - 
Me, s), 3.09 (3 2 -Me, s), 1.77 (7'-Me, d), 1.70 (lS'-Me, d), 1.10 (8 2 -Me, t), 
4.05 (CH 2 of sNHS), 3.45 (CH of sNHS). 

Palladium bacteriopheophorbide a 17 -(3-sulfopropyl) amide potassium 
salt (7). Activated ester 6 (10 mg) in DMSO (1 mL) was mixed with 
homotaurine (20 mg) in 0.1 M K-phosphate buffer, pH 8.0 (1 mL) 
overnight. Next, the reaction mixture was evaporated. Finally the residue 
was redissolved in chloroform-methanol (19:1) and the product 7 was 
purified oy chromatography on silica using chloroform-methanol (4:1, v/v) 
as an eluent. Yield: 8 mg (83%). ESI-MS (-): 834 (M-K) m/z. 'NMR in 
chloroform-4/methanoW 4 (4:1, vol.), 5: 9.16 (5-H, s), 8.71 (10-H, s), 8.60 
(20-H, s\ 6.05 (13 2 -H, s), 4.51, 4.39, 4.11, 3.98 (7,8,17,18-H, all m), 3.92 
(13 4 -Me. s), 3.48 (2 , -Me, s), 3.36 (^'-Me, s), 3.09 (3 2 -Me, s), 2.02-2.42 
(17 1 and 17 2 -CH 2 , m), 2.15 <8 J -CH 2 , q), 1.81 (7 J -Me, d), 1.72 (^-Me, d), 
1.05 (8 2 Me, t), 3.04, 2.68 and 2.32 (CH 2 of homotaurine, m). 

Palladium bacteriochlorin J3 r J7 s -di(3-sulfopropyl)amide dipotassium 
salt (8). Ten milligrams of compound 6 or 7 were dissolved in 3 mL of 
DMSO, mixed with 100 mg of homotaurine in 1 mL of 0.5 M K-phosphate 
buffer, pH 8.2, and incubated ovemigit at room temperature. The solvent 
was then evacuated under reduced pressure and the product 8 was purified 
on HPLC as described above for 5. Yield: 9 mg (81%). ESI-MS (-):101 1 
(M"-K), 994 (M--2K4-Na), 972 (M"-2K), 775 (M--2K~C0 2 Me-homotaur- 
ine NHCHzC^CH^O,), 486 ([M-2K]/2) m/z. ! NMR in methanol^, 5: 
9.35 (5-H, s), 8.75 (10-H, s), 8.60 (20-H, s), 5.28 and 4.98 (lS'-CH* dd), 
4.38, 4.22, 4.22, 4.15 (7,8,17,18-H, all m), 3.85 (15 3 -Me, s), 3.51 (2'-Me, 
s), 3.18 I tt'-Me, s), 3.10 (3 2 -Me, s 2.12-2.41 (17 l -CH 2 , m), 2.15-2.34 (8 1 - 
CH 2 , m), 1.76-2.02 (17 2 -CH 2 , m) T 1.89 (7 1 -Me, d), 1.61 (^-Me, d), 1.07 
(8 2 -Me, t), 3.82, 3.70, 3.20, 3.10, 2.78, 2.32, 1.90 (CH 2 of homotaurine at 
C-13 1 and C-17 3 ). UV-VIS in methanol (e X 10 5 AT 1 cm" 1 ): 747 (1.26). 
5 1 6 (0. 1 7), 384 (0.5 1 ), 330 (0.63) nm. 

Palladium 3 1 -(3-sulfopropylimino)bacteriochlorin 13 1 ,! 7 3 -di(3-sulfo- 
propyl)amide tripotassium salt (9). Compound 9 was separated as a minor 
by-product (ca. 3%) during synthesis of 8 and separated by HPLC. HPLC 
was used in a second cycle of purification of 5, but with 10-15% gradient of 
B in a (M4 min interval. ESI-MS (-): 1171 (M"-K-+«), 1153 (M~-2K- 
H+Na), 1131 (MT-2K), 566 ([M"-K]/2), 364 ([M"-3K]/3) m/z. 'NMR in 
methanol^, 5: 8.71 (1H), 8.63 (1.5H), 8.23 (0.5H) (5-, 10- and 20-H, all- 
m), 5.30 and 4.88 (lS'-CH^ dd), 4.43 and 4.25 (7,8,17,18-H, m), 3.85 (15 3 - 
Me, s), 131 (2 ! -Me, s), 3.22 (l^-Me, s), 3.17 (3 2 -Me, m), 1.89-2.44 (17 1 
and 17 2 -CH 2 , m), 2.25 (8 ! -CH 2 , m), 1 .91 (7 ! -Me, s), 1.64 (^-Me, s), 1.08 
(8 2 -Me, t),4.12, 3.56, 3.22, 3.16, 2.80 and 2.68 (CH 2 of homotaurine). UV- 
VIS in methanol (e X 10 4 M~ l cm" 1 ): 729 (9.00), 502 (0.90), 380 (5.44), 
328 (5.13). 

Palladium bacteriochlorin 13 i -(2-sulfoethyl)amide dipotassium salt (10, 
WSTII). Taurine (1.3 g) dissolved in 40 mL of 1 M K 2 HP0 4 (pH adjusted 
to 8.2 with HC1) was added to Pd-Bpheid 3 (935 mg) in DMSO (120 mL) 
while s irring under bubbled argon. Purification was carried out as 
described for 5. Yield: 1.07 g (89%). ESI-MS (-): 875 (M"-K-H), 859 
(M~-2K H4Na), 837 (M~-2K), 805 (M~-2K-H-OMe), 719 m/z. *H NMR in 
methanol^, & 9.38 (5-H, s), 8.78 (10-H, s), 8.59 (20-H, s), 5.31 and 4.95 
(IS'-CHz, dd), 4.2-4.4 (7,8,17,18-H, m), 3.88 (15 3 -Me, s), 3.52 (2 J -Me, s), 
3.19 (12 l -Me, s), 3.09 (3 2 -Me, s), 1.92-2.41, 1.60-1.75 (17 1 , 17 2 -CH 2 , m), 
2.19 ^-CH* m), 1.93 (7'~Me, d), 1.61 (lS'-Me, d), 1.09 (8 2 -Me, t), 3.62, 
3.05 (CH 2 of taurine). UV-VIS in methanol (e X 10 5 M~ x cm" 1 ): 747 (1.20), 
516 (0.16), 384 (0.49), 330 (0.60) nm. 

Bactenochlorin J3 l -(2-sulfoethyl)amide dipotassium salt (11). Taurine 
(160 mg) dissolved in 5 mL of I M K 2 HP0 4 (pH adjusted to 8.2 as above) 
was added to Bpheid 2 (120 mg) dissolved in 15 mL of DMSO. The 



reaction and purification continued as described for 5. Yieid: 138 mg 
(87%). ESI-MS (-): 734 (M~-2K) m/z. NMR in methanol^, S: 9.3 1 J (5-H, 
s), 8.88 (10-H, s), 8.69 (20-H, s), 5.45 and 5.25 (15 l -CH 2 , dd), 4.35 (7,18- 
H, m), 4.06 (8,17-H, m), 4.20 and 3.61 (2-CH 2 , m of taurine), 3.83: (15 3 - 
Me, s), 3.63 (2 l -Me, s), 3.52 (3-CH 2 , m of taurine), 3.33 (12'-Me, s), 3.23 
(3 2 -Me, s), 2.47 and 2.16 (H'-CH* m), 2.32 and 2.16 (8'-CH 2 , m}, 2.12 
and 1.65 (17 2 -CH 2 , m), 1.91 (7 L Me, d), 1.66 (18'-Me, d), 1.07 (8 2 -Me, t). 
UV-VIS in methanol (e X 10* AT 1 cm -1 ): 747 (6.30), 519 (1.89), 354 
(7.43) nm. 

Copper (II) bacteriochlorin I3 J -(2-sulfoethyl)amide dipotassium salt 
(12). Bacteriochlorin amide 11 (50 mg) and copper (H) acetate (35 mg) 
were dissolved in 40 mL of methanol and left under bubbled argon for 10 
min. Then, palmitoyl ascorbate (500 mg) was added and the solution was 
stirred for 30 min. The progress of the reaction was monitored by the 
spectral shifts of the Q x and Q y transitions to 537 and 768 nm, respectively. 
Next, the reaction mixture was evaporated, redissolved in acel 
filtered to discard excess salt. The acetone was evaporated and the 
12 was purified by HPLC, as described for 5, using a gradient eluti< 
42% (0 min) T 55% (14 min), 100% (16-18 min), 42% (24 min), with 
rate of 12 mL/min from 0 to 14 min, then 6 mL/min. The 
compound was dried under reduced pressure, redissolved in 
separated by filtration from insoluble material. Yield: 46 mg (85% 
MS (-): 795 (M~-2K) m/z. UV-VIS in methanol (e X 10 4 AT 1 cm" 1 
(7.60), 537 (1.67), 387 (5.40) and 342 (6.00) nm. 

Zinc bacteriochlorin 13 l -(2~sulfoethyl)amide dipotassium salt (13). Zinc 
was incorporated into 11 as previously described (47, 48) with j some 
modifications. Thus, a mixture of bacteriochlorin amide 11 (30 mg) and 
zinc acetate (100 mg) was heated in 5 mL of acetic acid underTargon 
atmosphere at 110°C for about 1 h. Hie product that accumulated was 
monitored following the shift of the Q x transition to 558 nm. Then the 
reaction mixture was cooled and evaporated The final purification was 
carried out by HPLC as for compound 5. The solvent was 
and the solid compound was collected and stored under argon in the c 
-20°C. Yield: 24 mg (74%). ESI-MS (-): 834 (M"-K), 818 (M -21 
796 (NT-2K+H) m/z. UV-VIS in methanol (s X 10* W~ l cm" 1 ): 762 
558 (1.43), 390 (3.42) and 355 (4.63) nm. 

Manganese (III) bacteriochlorin I3*~(2-sulfoethyl)amide dipotdssmm 
salt (14). Manganese insertion into compound 11 was carried 
transmetalation as previously described (47-49) with some modifii 
Thus, bacteriochlorin amide 11 (50 mg) in 10 mL of dimethylfornjamide 
(DMF) was heated with cadmium acetate (220 mg) under argon 
at 110°C for about 15 min (Cd-complex formation was mom 
acetone by the shift of the Q* transition from 519 to 585 nm). 
reaction mixture was cooled and evaporated. The dry resit 
redissolved in 15 mL of acetone and stirred with manganese (II) 
to form the Mn(IIi) product 14. The product formed was monitored 
acetone by the shift of the Q K and Q y transition from 585 to 600 nni and 
from 768 to 828 nm, respectively (49). The acetone was evaporated and the 
product was purified by HPLC using gradient elution by acetonitrile in 
water 10% (0 min), 15% (14 min), 100% (16-18 min), 10% (24 njiin) at 
a flow rate of 8 mL/min. The purified pigment was then dried under reduced 
pressure, redissolved in methanol and separated from the insoluble material 
by filtration. Next, the solvent was evaporated again and thej solid 
compound was stored under argon in the dark at -20°C. Yield: 42 mg 
(76%). ESI-MS (+): 832 (M+--2K+2N3) m/z. UV-VIS in methanol (e X 10* 
AT 1 cm" 1 ): 825 (4.61), 588 (1.47), 372 (3.75) and 327 (3.78) nm. 

H5V mouse endothelial cells were cultured as monolayers in Dulbecco*s 
modified Eagle's medium (DMEM)/F12 containing 25 mAf 4-(2-hydtoxyl)- 
1-piperazineethanesulfonic acid (HEPES), pH 7.4, 10% fetal bovine Jserum 
(FBS), glutamine (2 mAf), penicillin (0.06 mg/mL) and streptomycin (0. 1 
mg/mL) (hereafter referred to as the "Culture Medium"). Cells were grown 
at 3TC in an 8% C02-humidified atmosphere. 

The photocytotoxicity of the different sensitizers against H5V cells in 
cultures was determined after preincubation with increasing concentrations 
of the compounds in the dark for the times and conditions indicated for the 
individual experiments. Compounds 3 and 7 were primarily dissolved in 
DMSO (1% of the final volume); all other compounds were dissolved 
directly in the culture medium. Unbound sensitizer was removed by 
washing the cells once with culture medium and the plates were illuminated 
at room temperature from the bottom (650 nm < X < 800 nm, 12 J/cm 2 ). 
The light source used was a 100W Halogen lamp (Osram, N^unich, 
Germany) equipped with a 4-cm water filter. The cultures were plajced in 
the culture incubator and cell survival was determined 24 h after illumi- 
nation by a Neutral Red viability assay that was validated against the 3-(4,5- 
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Table 1. Partition values of different Bchl derivatives described in this 
manuscript, between rt-octanol and water 
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drmthe>lthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MIT) viability 
assay as> previously described (17,50). Three kinds of controls were used: 
(1) ligh; control, cells illuminated in the absence of sensitizers; (2) dark 
control, cells treated with sensitizer but kept in the dark; and (3) untreated 
cells that were kept in the dark. 



RESULTS 

Polariuy and solubility 

The low solubility and the subsequent aggregation of Bchl 
derivatives in aqueous solutions pose major problems in their 
application as VTP reagents. On increasing the polarity of the new 
derivatives, we expected to see a significant increase in their 



hydrophilicity and a marked reduction in the aggregation constants. 
The first parameter was quantified by means of their partitioning 
coefficient. Table 1 presents the partition coefficients (P) of the 
new sensitizers in rc-octanol: water solutions. It appears that 
cleavage of the isocyclic ring has a profound effect on the 
molecule's polarity and solubility. Thus, all products of aminolysis 
presented relatively high polarity (Table 1) that was also reflected 
in their good solubility in polar organic solvents such as alcohols 
(methanol, ethanol), DMF and DMSO and their very poor 
solubility in less polar solvents such as chloroform, acetone and 
acetonitrile (data not shown). Hie high polarity of the open ring 
sensitizers allows for good solubility in water (or PBS) (up| to 40 
mg/mL with no precipitation after centrifugation at 17 000 gj). The 
increased solubility of 5 or 10 compared with 7 is evidence jof the 
greater significance of the isocyclic ring cleavage compared with 
the addition of charged peripheral groups for enhancing the 
polarity/solubility of the Bchl derivatives. Nevertheless, up to ~4 
mg/mL of 7 could be introduced into aqueous solutions (e.g\ PBS) 
with no precipitation of aggregates upon centrifugation. Because of 
its arnphiphilic nature, 7 could also be introduced into solvents of 
low polarity like chloroform after dissolving in alcohol (methanol, 
ethanol) and mixing to make a final alcohol concentration of 3-5%. 
The addition of a second and even third sulfonic group (8 and 9) to 
the arninolysis products had some effect on P (somewhat enhanced 
water solubility), whereas metal replacement had a smaller effect as 
long as the metal redox state was not changed. However, the 
replacement of Pd(II) by Mn(III) strongly affected P (Table 1). In 
contrast, changing the length (and thereby the hydrophobicity) of 
the alkenyl linkage (5 and 10) had only a minor effect on P. 
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Figure L Absorption spectra of Bchl derivatives 10 (a) and 13 (b) (40 jiM 
solutions) in PBS (black), 1% TC-100/PBS (dashed) and methanol (gray). 
Spectra were recorded with a 2-mm quartz cuvette using a Cary-5E 
spectrophotometer. 

Notably, despite their relatively high solubility, all open-ring 
producrs formed small aggregates (estimated to be two to eight 
molecules; see below and also F. Martinic, Negma-Lerads, private 
communication) in the aqueous solutions that underwent dissoci- 
ation upon dilution, micelle incorporation or introduction of 
physiologic concentrations of serum albumin. 

To quantify the aggregation tendency of the different com- 
pounds, we first explored the effect of concentration and detergents 
on their optical absorption and circular dichroism (CD) in serum- 
free aqueous solutions. Then, we investigated the effect of whole 
serum on the aggregated state. Next, we exarnined the affinity of 
representative compounds to specific serum proteins using size- 
exclusion chromatography. Finally, we quantified these interac- 
tions for BSA by monitoring the effect of BSA on the optical 
absorption and CD of the selected compound. By employing factor 
analysis to the resulting spectra, we derived the percentage of 
monomers, dimers and larger aggregates at a specific total con- 
centration of the selected compound. 



Aggregate formation in serum-free solutions 

Figure 1 describes the optical absorption of aminolysis products 8, 
10-14 at 40 uM in PBS (black lines) and in methanol (gray lines). 
The Q, bands of compounds 8, 10 and 12 were markedly 
broadened and attenuated in PBS compared with methanol (Fig. la 
illustrates the absorption spectra of 10), those of 11 and 13 were 
less attenuated and slightly broadened (Fig. lb illustrates the 
absorption spectra of 13), whereas the Q y line shape of 14 hardly 
changed. Remarkably, the decrease in the extinction coefficients of 
8, 10 arid 12 in PBS was accompanied by an overall decrease of the 
Q y integrated optical absorption (700-900 nm), suggesting both 
shading and intensity borrowing by higher electronic transitions 
because of strong excitonic coupling in the aggregated states, as 
previously found for Bchl a and Chi a (51-53). 

The effect of concentration. The effect of concentration on the 
optical absorption and CD spectra of the aminolysis products in 
PBS is illustrated for 10 in Fig. 2a,b, respectively. The presented 
spectra were recorded using quartz cuvettes with different path 
lengths (/) and then multiplied by {IJl^ • 40/X), where X stands for 
the recorded concentration. Notably, on increasing the concentra- 
tion, the monomeric Q y transition at -750 nm split into new 
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Figure 2. The effect of concentration on the spectra of compound 
The optical absorption of 10 at 0.1 uAT to 3 mM. Spectra were 
using different optical path-lengths (I) and then multiplied by {IJl^ 
where X stands for the recorded concentration (uM); arrows 
changes upon increasing the concentration of 10. b: The circular 
spectra of selected concentrations of 10 in PBS solution (the 
normalized as described above): 10 uM (gray line), 80 \iM (dotted line), 
uM (dashed-dotted line) and 3 mM (solid line), c: Principal components 
the optical absorption resolved by factor analysis: Solid line, monomer; 
dashed line, dimer; gray line, larger aggregate (probably hexamer or 
octamer). Inset The dependence of the principal components on the 
concentration of 10. 
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electronic transitions at higher and lower energies, as ex 
upon the formation of excitonically coupled aggregates, 

Using the previously described factor analysis technique 
we found three spectroscopic components that accounted 
spectroscopic evolution throughout the entire concentration 
(Fig. 2c). The first component (solid line) has a spectrum similar 
that of 10 in methanol, with a slighdy broadened Q y transition 
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Figure X CD spectra of compound 10 (40 uM, in 5- and 10-mm quartz 
cuvettes using an Aviv-202 CD spectrometer) in PBS (black line) and 
\% TX-100/PBS (gray line). 



750 nm). Hence, this spectrum is assigned to monomers. In the 
second component (dotted line), the Q y transition splits into two 
new excitonic transitions at 726 and 765 nm. In the third com- 
ponent (gray line), the energy difference between the upper and 
lower excitonic transitions (712 and 822 nm, respectively) is 
markedly increased. Assuming that the exciton splitting reflects the 
extent of coupling among the individual transition dipoles (51-56), 
the concentration dependence of the 10 in the spectra clearly 
indicate s the formation of two forms of aggregates: small ones, 
probably dimers (Fig. 2c, dashed line) with strong excitonic 
splitting (Av —750 cm _i ) among two major transition dipoles and 
at increasing concentrations of 10 and larger ones consisting of at 
least hexamers (Fig. 2c, gray line), with increased splitting (1900 
cm -1 ) but similar coupling among the Q y transition dipoles. 

The CD spectra (Fig. 2b) provide complementary evidence to 
the factor analyses' assignments being dominated by different 
excitonicaliy coupled components, at the intermediate (negative 
and positive bands at 735 and 780 nm, respectively) and high 
(negative, positive, and negative bands at 705, 765 and 825 nm, 
respectively) concentration ranges. The contribution of the 
monomelic species (weak negative band at 750 nm, identified by 
recording solutions of 10 in PBS/Triton X-100 [TX-100]) (Fig. 3) 
becomes apparent at a very low concentration. Importantly, the CD 
spectra of the two lowest concentrations are not shown because of 
too low signal/noise values. 

The j-elative contributions of the principal components (Fig. 2c, 
inset) provided the means for calculating the monomer/dimer 
equilibrium at low concentrations of 10, where the higher oligomer 
contribution is negligible (inset, left side, Fig. 2c): 

2-10 (10) 2 

[(10) 2 ]/[10f 



Substituting 0.8* 10~* and 0.2* 10" 6 for [10] and [(10) 2 ], re- 
spectively (based on the contributions of the principal components 
presented in the inset, Fig. 2c), we obtain 

- 3-10 5 AT 1 . 



monomers trapped in the formed TX-100 micelles (51^56). 
Following this observation, we tested the effect of adding TX- 
100, above the critical micelle concentration (53, 55), to the 
presently examined derivatives of Bchl (Fig. 1, dashed lines). 
Indeed, the line shape and peak position of the Q y transition of all 
tested compounds (-825 for Mn derivative 14 and -750-760 nm 
for the other compounds) in PBS/TX-100 appeared similar ^o the 
monomelic spectra in methanol, with a single negative Cotton 
effect at the peak of the Q y transition, as illustrated for 10 (Fig. 3). 
Notably, the Mn complex 14 appeared practically monomelic in 
aqueous solution, both in the absence or presence of TX-100 
micelles. The metal-free 11 and Zn complex 13 form loose 
aggregates (probably dimers) with relatively small excitonic 
splitting (Fig. lb), whereas in Pd compounds 8 and 10 and in Cu 
complex 12, these small aggregates appeared to assemble into 
larger ones with strong interactions among their transition diboles 
(Fig. la). 

Aggregate formation in serum/PBS solutions: 
the effect of serum proteins 

The opening of the isocyclic ring by aminolysis appeared to have 
a dramatic effect on the hydrophobicity of the compouncs, as 
reflected by their aggregation in aqueous solutions (Fig. 1), 
Consequently, these compounds should become more amenable to 
solvation by serum proteins. Thus, when FCS was added to 3 
(Tookad®) or 7, the compounds with intact isocyclic rings, tlie Q y 
transition remained broad and redshifted to 800-830 nra, as 
expected for high-aggregate content (Fig. 4a,b, respectively)- In 
contrast, upon adding FCS or BSA to 10, as with all other products 
of aminolysis in aqueous solutions, the line shape of the Q y 
transitions became monomelic, similar to that observed in organic 
solvent (Fig, 4c). 

Considering 3 and 10 as representatives of hydrophobic and 
hydrophilic Bchl derivatives, respectively, we set out to resolve 
their interactions with specific serum proteins. 



The effect of detergents. In our previous studies of Bchl and Chi 
aggregation in different solvents, we found that the addition of TX- 
100 to aqueous solutions of Bchl/Chl induced disaggregation into 



Binding compounds 3 and 10 to lipoproteins and 
serum albumin, respectively 

Figure 5a-c describes the elution profiles of the major prote ins in 
FCS, the protein-associated 3 (Tookad®) and the protein- 
associated 10 (WST11), respectively, after being mixed 
FCS as described in Materials and Methods. Remarkably, 
a significant portion of 3 was eluted with the void volume, 
probably in the form of very large aggregates (having a maximum 
absorption at 825 nm). The protein-associated 3 (optical absoiption 
at 760 nm) mainly comprised HDL (>90%) and a minor rntction 
was found associated with the serum albumin component (Fig. 5b). 
Considering the relative concentrations of serum albumin and 1 
in the plasma, the affinity of 3 to serum albumin should be 
negligible compared with HDL. In contrast, 10 mostly adsorbed to 
serum albumin (Fig, 5c), with a minor fraction being eluted with 
the lipoproteins. 

To determine the association constant of 10 and BSA, we resolved 
the concentrations of the protein complex [10-BSA] and the 
corresponding monomer concentrations [10] using two experimental 
approaches: (1) chromatographically, by measuring the [10-^SA] 
values after chromatographic separation of the protein-associated 
compound in different mixtures of 10 and BSA and (2) spectrdscop- 
ically, by deriving the monomelic optical absorption using factor 
analysis, in solutions of 10 with different concentrations of Bs A. 
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Figure 4. The effect of diluting different Bchl derivative in PBS by 
solutions of FCS or BSA to make a final sensitizer's concentration of 
10 uM, on their optical absorption (recorded in 10-mm quartz cuvettes), 
a: Compound 3 (obtained by dilution of 2.5 mg/mL Tookad® solution 
stabilized with Cremophor EL®), b: Compound 7 (initially dissolved in 
PBS), c: Compound 10 (initially dissolved in PBS). Solid black line, spectra 
in PBS; dotted line, in 90% FCS/PBS; dashed-dotted line, in 540 \iM BSA/ 
PBS; so id gray line, in organic solvent (chloroform for 3, chloroform/ 
methanol [90:10] for 7 and methanol for 10). 



Chromatographic determination of [10-BSA], Table 2 presents 
the concentrations of 10 and BSA after mixing 10 BSA with 
different concentrations of 10 in PBS followed by flash separation 
with si2£ exclusion. 
Assuming a simple, second-order equation: 
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figure 5. Size-exclusion chromatography of: a, FCS proteins, b, 
protein-associated 3 (Tookad®) and c, FCS protein-associated 
(WSTt I). The chromatogram profiles in b and c are normalized for 
viewing. 
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Determination of[10-BSAJ values at different concentrations of 
BSA and 40 //M 10 using factor analysis of the corresponding 
optical absorption spectra. Figure 6a,b illustrates the optical 
absorption and CD spectra, respectively, of 40 uM 10 in the 
presence of different BSA concentrations. Using factor analysis for 
the optical absorption spectra as previously described, we were 
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Table 2. The concentration of free ([10]) and BSA-bound ([10-BSA]) 
WST1 1 iifter mixing 50 \iM WST1 1 with 10 uAf BSA 
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able to resolve the concentrations of three principal components 
(Fig. 6a, inset) that appear similar to monomelic (solid line), 
dimeric (dashed line) and higher-order aggregates (gray line). The 
line shape of these components is also similar to those resolved for 
different concentrations of 10 in the absence of BSA. Using the 
relative contribution of the different components and the over- 
all concentration of 10, we arrived at an association constant of 
1*1 0 4 M~ ] , assuming that 10-BSA comprises only bound 
monomers. Thus both methods, chromatographic and spectro- 
scopic, provided similar results. The construction of a physical 
model tnat includes the detailed equilibrium constants between the 
different aggregates is in progress. Using the obtained association 
constant between BSA and 10, one expects that at physiologic 
concentrations of BSA (~0.6 mAf) about 2 \xM 10 (5%) remains 
nonbomd to BSA. 



Photocytotoxicity of the new compounds in the absence and 
presence of serum proteins 

The phototoxicity of compounds 3 and 7-14 was tested on cultured 
H5V mouse endothelial cells by two experimental procedures. In 
the first procedure, after our previous experiments (21 ,50,57), cells 
were pieincubated in the presence of 10% FCS with increasing 
concentrations of the test compounds for 2 h, then washed and 
illuminated or kept in the dark. The second procedure attempted to 
simulate the conditions of in vivo VTP, where illumination is 
applied immediately after intravenous administration of the test 
compound (sensitizer) in the presence of physiologic concen- 
trations of serum proteins and decreasing concentrations of the 
sensitize in the plasma (because of rapid clearance [25,38]). 
Within the illumination time (5-10 min, immediately after 
administrating bolus sensitizer) the plasma concentrations of all 
currently tested sensitizers decreased to less than 5% of their initial 
values [e.g. 38,58). Hence, the average sensitizer concentration 
during illumination is ~[C 0 ]/2, where [C 0 ] is the initial 
concenlration of the sensitizer in the plasma, usually in the range 
of 100 \\M (in the blood). Following these constraints, in testing the 
second procedure in the present study, we applied a 10-min 
illumination after a 3-min incubation of the different compounds 
(50 \iM ) with endothelial cells in the presence of 0-75% FCS or 0- 
540 \iM BSA without washing. 

The results of the first procedure are presented in Table 3. The 
phototoxicities of compounds 8 and 10 were concentration- and 
light-dependent, without substantial dark toxicity in the tested 
range. The LD 5( > of the nonmetalated compound 11 and the Pd- 
contain.ng sensitizers 3, 5, 7-10 were almost the same (~ 1-5 |iM), 
whereai; the complexes with Cu, Zn and Mn (12-14) were 
photodynamically inactive (the Zn complex was found inoperative 
due to its oxidation into chlorin during 2 h incubation). 
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figure 6. Aggregation forms of 10 in PBS at a constant pigmem; 
centration (40 \iM) and increasing concentrations of BSA (0-1 
Absorption spectra (spectra were recorded and normalized as 
the legend for Fig. 2a); arrows indicate changes upon an increase in 
concentration. Inset Dependence of the principal components of 
tical absorption on the concentration of BSA as resolved by factor 
of the optical absorption. Solid line, monomer; dashed line, dimer 
line, oligomer, b: CD spectra (spectra were recorded and normali 
described in the legend for Fig. 2a): no BSA, solid black line; 40 uAf , 
line; 80 uM, dashed-dotted line; 1 mM, gray solid line. 
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The results of the second procedure are displayed in 
Evidentiy, the photocytotoxicity of the palladium-containing 
pounds 7-10 and the zinc complex 13 declined markedly, 
that of 3 (Tookad®) and the metal-free 11 remained the same 
7a). Derivatives with copper 12 and manganese 14 were 
inactive at all serum concentrations examined. Similar results 
obtained when BSA was used instead of whole serum (Fig. 

Based on the synthetic simplicity and the near resemblance 
physicochemical properties of Pd complexes S, 8 and 10, the 
taurinated* compound was chosen as the main representative 
water-soluble Bchl derivatives for further biological 
(24,38). This compound was found to be stable in solutions (in 
contrast to the zinc derivative 13; data not shown) as well as 
during prolonged storage (months), when kept as a solid i|n the 
dark at -20°C. 
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com- 
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latter 
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*Taurine (2-amino-l-ethane sulfonic acid), a close homologue of 
homotaurine, is a widely available biochemical product. Taurine is not 
poisonous; on the contrary, it is a conditionally essential nutrient, 
important for mammalian development, especially for cerebellum and 
retina cells (59); for the biological and therapeutic potential of taurine, 
see reviews (60-62). 



900 



Photochemistry and Photobiology, 2005, 81 , 991 



Table 3. Sensitizers* phototoxicity. H5V cells were pieincubated with 
compounds 3 and 7-14 in medium containing 10% FCS for 2 h, then 
washed with fresh medium and illuminated. Points are the mean ± SEM of 
triplicate determinations 



Compound no. 


LD 50 (uAf) 


3 


1.0 


5 


2.1 


7 


3.1 


a 


1.5 


3 


5.2 


10 


0.8 


11 


1.8 


12 


n.d.* 


13 


n.d. 


14 


n.d. 



*n.d., nondetsected. 



DISCUSSION AND CONCLUSIONS 

Preclinical and clinical trials with antiangiogenic agents have been 
at the cutting edge of tumor therapy for quite some time. However, 
systemb application of antiangiogenic agents, which prevents the 
development of new blood vessels and thereby inhibits tumor 
growth, was found most effective in regions of neovascularization 
such as the tumor periphery, but not in areas of existing tumors 
with a supply of mature vessels or in tumor regions that share 
vascularization with adjacent normal tissues (63,64). Vascular 
targeting agents (VTA) provide an interesting alternative, but such 
agents were found more active in the interior of relatively large 
tumors, possibly because of the high interstitial pressure in these 
regions, which contributes to vascular collapse (64). Furthermore, 
VTA often generate a characteristic pattern of widespread central 
necrosif; in experimental tumors, which can extend to as much as 
95% of the tumor volume. However, a thin frame of tumor cells at 
the tumor's rim may survive, resulting in tumor regrowth. Thus, 
despite very promising experimental results, both antiangiogenic 
and antivascular targeting agents have so far failed in completely 
eradicaling tumors. VTA and therapies designed for direct tumor 
cell killing (conventional chemotherapeutic drugs, radiation or 
PDT based on cell-selective uptake) are awaiting further de- 
velopment (64-66). 

Recent promising results with VTP therapy based on a Bchl 
derivative to achieve complete tumor eradication showed high cure 
rates with various tumor types (20,58,67). In the present study we 
focused on the synthesis and characterization of new Bchl-type 
candidates for VTP. Here we showed that aminolysis of the 
isocyclie ring with negatively charged residues markedly increases 
the hycirophilicity of the Bchl sensitizers, decreases their self- 
association constant and selectively increases their affinity to serum 
albumin, compared with other serum proteins. To that end, we 
suggest several simple analytical procedures that can be applied to 
other sensitizers as well. The remarkable polarity and solubility 
of compound 14, compared with the other products of Bpheid 
aminolysis, probably reflects the high dipole moment of this 
molecule. As we have recently shown (49), the Mn(III)Bpheid 
derivatives are axially biligated with hydroxyl anion and 
hydroperoxide in the absence of other strong ligands. 

The enhanced hydrophilicity and increased affinity of some of 
the new sensitizers to serum albumin seem advantageous for VTP. 
This is mainly because serum albumin stays in the circulation and 
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Figure 7. Phototoxicity dependence on the concentration of serum 
BSA (b). H5V cells were pieincubated with 50 \iM concentrations 
indicated pigments in cell culture medium for 3 min, illuminated 
min, then washed with fresh medium. The points are the mean ± 
triplicate determinations. 
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can also bring the sensitizers to the vasculature of important 
organs, such as the liver and lungs, as recently shown for the 
biodistribution of compound 10 (38). However, the concomitant 
reduction in the photocytotoxicity toward endothelial cells appears 
at first to be a drawback for this treatment modality because a i iirect 
insult of endothelial cells is considered important for successfully 
launching a tumor cure via VTP (12). Strikingly, in several studies 
that were recently performed in our laboratory (24,38; Mazor ?r al, 
unpublished data), we showed that such sensitizers are highly 
efficacious VTP agents that deliver high cure rates for a variety of 
tumor types. However, these experiments showed that, unlike 
Tookad®, VTP with 10 has practically no effect on the vessels* 
permeability. Thus, the occlusion of tumor vessels, which was 
observed within minutes of illumination, was not accompanied by 
hemorrhagic necrosis, underscoring the advantage of such 
sensitizers for VTP applications where hemorrhagic necrosis may 
endanger the treated patient, such as in tumors situated near major 
vessels or in internal sensitive organs or in age-related macular 
degeneration, in which lateral photodamage may be considerable. 
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Light-induced radical generation is the hallmark of fundamental processes and many applications including 
photosynthesis and photodynamic therapy (PDT), In this manuscript, we present two novel observations made 
upon monitoring light-induced generation of reactive oxygen species (ROS) in aqueous solutions by WST11, 
a water-soluble derivative of the photosynthetic pigment Bacteriochlorophyll a (Bchl). Using a host of 
complementary experimental techniques including time-resolved spectroscopy at the subpicosecond to the 
millisecond range, ESR spectroscopy, electrochemistry, spectroelectrochemistry, oximetry, and protein mass 
spectroscopy, we first show that in aqueous solutions WST11 generates only superoxide (OD and hydroxyl 
(OH") radicals with no detectable traces of singlet oxygen. Second, we show that WST1 1 makes a noncovalent 
complex with human serum albumin (HSA) and that this complex functions as a photoeatalytic oxidorecuctase 
at biologically relevant concentrations enabling approximately 15 cycles of electron transfer from the associated 
HSA protein to molecular oxygen in the solution. These findings rule out the paradigm that porphyrin and 
chlorophyll based PDT is mainly mediated by formation of singlet oxygen, particularly in vascular targeted 
photodynamic therapy (VTP) with sensitizers that undergo photoactivation during circulation in the plasma, 
like [Pd]-Bacteriopheophorbide (WST09, Tookad). At the same time, our findings open the way for new 
design paradigms of novel sensitizers, since O2 * and OH" radicals are well-recognized precursors of imj)ortant 
pathophysiological processes that can be activated for achieving tumor eradication. Moreover, the rinding 
that promiscuous protein scaffolds become sinks for holes and electrons when holding light-activated pigments 
provides a new insight to the evolution and action mechanism of natural light activated oxidorediictases 
(such as photosynthetic reaction centers) and new guidelines for the preparation of synthetic-light converting 
machineries. 



Introduction 

Photoexcitation of pigment molecules followed by energy 
transfer ;md radical generation promotes both constructive and 
destructive biological processes. The first group includes 
fundamental biological machineries such as photosynthesis and 
vision, while photoinhibition and plants senescence are two 
examples of the second group. The photoeatalytic centers 
involved in the constructive processes usually comprise protein 
scaffolds, which hold the pigment molecules in a manner that 
assures unidirectional and well-controlled transfer of energy or 
electrons, from donors to acceptors. The protein involvement in 
these processes has been thoroughly studied but remained 
controversial to date. 1,2 Light-induced destructive processes are 
usually tie result of conformational changes or even disintegra- 
tion of the pigment/protein complexes resulting in noncontrolled 
energy or electron transfer from the photoactive pigments into 
acceptor molecules that become highly active and impair vital 
cellular or tissue activities. An example is provided by the 
formation of reactive oxygen species (ROS) through energy or 
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electron transfer from a host of photoexcited pigment molecules 
(sensitizers) into colliding or nearby molecular oxygen. This 
phenomenon was found responsible for photoinhibition 3 and 
several pathologies (e.g., porphyria) 4 and has been translated 
into a cancer treatment modality termed photodynamic therapy 
(PDT), 5 In PDT, pigments that can generate ROS at high yield 
upon illumination in the VIS— NIR wavelength range are 
delivered to a cancerous tissue and locally illuminatecl. The 
formed ROS initiate a cascade of events that result in reduction 
or oxidation of vital components (e.g., proteins and lipids) in 
the cellular compartment of the cancerous tissue and thereby 
cause cell death and tumor eradication. Numerous studies have 
suggested that the PDT toxicity in the cells is mainly mediated 
by singlet oxygen which dominates the ROS profile (type II 
mechanism). 6-9 In the type II mechanism, the photosensitizer 
in the excited triplet state can interact with ground state <j>xygen 
molecules, generating singlet oxygen through an energy transfer 
process. 1041 An alternative route is the type I mechanjism in 
which the photosensitizer in the excited triplet state can interact 
directly with the substrate and/or solvent through electron or 
proton transfer processes. This leads to generation of charged 
or neutral radicals, which quickly react with oxygen molecules 
to produce ROS such as superoxide (07*) and hydroxyl| (OH") 
radicals and hydrogen peroxide (H2O2). Evidence for the 
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SCHEME 1: Water-Soluble [Pd]«Bacteriopheophorbide 
Derivative, WST11 




HH 



occurrence of the type I mechanism is limited and less 
conclusive. 10,11 

A new approach to PDT termed vascular-targeted PDT (VTP) 
aims to induce instantaneous collapse of the tumor vasculature. 
The consequent deprivation of nutrients and oxygen results in 
cell deatri and tumor eradication. So far, VTP has been applied 
using hydrophobic sensitizers that preferentially reside in the 
endothelial cells of the tumor vasculature during illumination 
and generate singlet oxygen. 12,13 Recently we developed a 
different approach to VTP using a novel class of amphiphilic 
photosensitizers comprising different derivatives of Bacterio- 
chlorophyll a (Bchl). 14-17 These sensitizers stay in the circulation 
until clearance with minimal or even no uptake by the 
endothelial cells during illumination. Hence, ROS generation 
is confined to the aqueous plasma, resulting in instantaneous 
clot formation, vascular arrest, and high rates of tumor control, 
both in the preclinical 14,16 " 18 and clinical 19-22 arenas. We have 
previously hypothesized that under these conditions the ROS 
generation profile can be markedly different from the one 
assumed for the cellular environment 23 because the high 
dielectric: nature of aqueous solutions may help promote electron 
transfer. Indeed, Vakrat-Haglili et al. 24 showed a dramatic 
increase in the content of Oj" and OH* radicals when [Pd]- 
Bacteriopheophorbide (WST09, Tookad) was photoexcited in 
aqueous compared to organic solutions. However, the significant 
concentration of singlet oxygen still present in the aqueous 
solutions prevented a clear conclusion concerning the role played 
by the oxygen radicals in mediating the VTP effect. This 
important issue can now be resolved using the water-soluble 
[Pd]-Bacteriopheophorbide derivative (WST1 1, Stakel, Scheme 
l) 14,16 thiit was recentiy synthesized by our lab in collaboration 
with Steba laboratories, France. 

This compound has entered phase I/II clinical trials for AMD 
management 17 and localized prostate cancer. Unlike WST09, 
WST1 1 needs no micelles when being introduced to aqueous 
solutions. It stays in the plasma until clearance, 25 most probably 
as a noncovalent complex with human serum albumin (HSA), 14 
and does not seem to primarily interact with endothelial cells. 17 
Therefore, WST1 1 provides the means for studying the impact 
of ROS generation in the aqueous vascular lumen. Following 
this presumption, we set out to explore the generation of ROS 
by WST 1 1 upon photoexcitation in stepwise reconstituted blood 
solutions, starting in buffered aqueous solutions and then adding 
different serum proteins, plasma, blood cells, etc. The present 
paper focuses on the effect of HSA on the ROS generation 
profile by photoexcited WST11 in aqueous solutions. Col- 
lectively, our data introduce a novel concept, suggesting that a 
noncovaent WST11— HSA complex acts as a light-activated 
oxido-reductase that catalyzes electron transfer from the protein 
matrix to the dissolved oxygen molecules, thereby amplifying 
the production of OJ* and OH" radicals. Using optical absorption 



and fluorescence spectroscopy at the different time domains, 
spectroelectrochemistry, spin-trap ESR technique, dissolved 
oxygen concentration measurements, and gel electrophoresis 
techniques, we (1) followed the physical and chemical response 
of WST1 1 to photoexcitation in the presence of HSA and 
quenchers; (2) identified and quantified the evolved ROS; (3) 
monitored the rate and yield of oxygen consumption in response 
to photoexcitation of WST 11 in the absence and presence of 
HSA; and (4) monitored induced chemical modifications of the 
HSA molecules subsequent to the ROS generation. We showed 
that in pure aqueous solutions (H 2 0 and D 2 0) WST 11 yapidly 
degrades through oxidative processes. The ROS profile com- 
prises comparable amounts of 0 2 " and OH" radicals ! (spin- 
trapped by DMPO and DEPMPO) but no detectable singlet 
oxygen. In the presence of HSA, the photochemical degradation 
of WST 11 is profoundly retarded. Only OH" radicals :an be 
detected, and their total concentration increases by more than 
2-fold compared with that observed in the absence of HSA. 
The rate and yield of oxygen consumption increases by more 
than an order of magnitude per single molecule of WST1 1. Upon 
adding the metal chelator desferrioxamine (DFO) to both HSA- 
free and HSA-containing solutions, a strong ESR signal of the 
trapped OJ " radical replaces that of the OH" radical, suggesting 
that 0 2 " is the primarily formed ROS and the precursor of the 
OH" radicals. Finally, upon the complete degradation of the 
WST11 reservoir, each HSA molecule appears to uidergo 
peroxidation and, possibly, covalent binding to photodegradation 
products of the WST1 1 molecules. 

Altogether, our findings establish the foundation for resolving 
the in vivo activity of WST11— VTP and may provide a new 
insight to the role played by the protein scaffold in light-induced 
electron transfer. In a photosystem II reaction center (PS] I RC), 
a photoexcited pair of chlorophyll (Chi) molecules (i:ermed 
P680) that are noncovalentiy bound to the protein scaffold 
transfers an electron through a chain of redox centers to a 
quinone molecule at the other side of the photosynthetic 
membrane. By oxidizing a nearby tyrosine (Tyr) residue, P680 
is rapidly regenerated. Although the exceptionally high midpoint 
potential of the P680/P680+ redox couple (+1.25 V) matches 
nicely that of the Tyr/Tyr + redox couple (+1.21 V), 26 the 
energetic barrier should be greatly reduced by an accompanied 
proton translocation from the Tyr + * residue to form the more 
stable tyrosyl radical (Tyr*). This is possible in a protein scaffold 
having a nearby protonated side chain within a hydrogen 
bonding distance of the oxidizable Tyr. 27 Following these 



insights, Kalman et al/ 



able to demonstrate 



reduction in RC of purple bacteria by Tyr residues that replaced 
Arginine LI 35 and Arginine Ml 64 although the P860I/P860 
midpoint potential is only +0.50 V. Thus, it appears mat the 
protein milieu overcomes the midpoint potentials difference in 
a fashion that involves particular arrangement and interactions 
of amino acid residues. However, data shown in our present 
study suggest that a promiscuous protein scaffold can function 
as a nonspecific supplier of electrons when bound to Bchls and 
thereby facilitate their regeneration after oxidation. This finding 
may provide new guidelines for deciphering the evoluiion of 
photocatalytic protein— pigment complexes and constmcting 
artificial systems for light energy conversion. 

Materials and Methods 

Different concentrations of WST1 1 solutions (Steba Biotech, 
stored as dry powder) were prepared in D-Phosphate [Buffer 
Saline solution (PBS x 10, pH 7.4, Gibco) as specified for each 
experiment. 5,5-Dimethyl-l-pyrroline iV-oxide (DMPO, GC 
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grade >97%), 2,2,6,6-tetramemyM-piperidone-N-oxyl (95%, 
4~oxo-TEMP), desferoxamine mesylate salt (95% TLC pow- 
der), and Albumin from Human Serum (essentially fatty acid 
free, lyophilized powder) were purchased from Sigma-Aldrich. 
5-Diethoxyphosphoryl-5-methyM-pyrroline N-oxide (DEPM- 
PO, 99.9% HPLC) was purchased from Calbiochem. 

Electron-Spin Resonance Spectroscopy (ESR). Standard 
ESR measurements were carried out using a Magnettech ESR 
Miniscope MS 100 spectrometer, equipped with a Microwave 
X-band Bridge. The spectrometer operates at 9.3-9.55 GHz 
and 20 mW microwave power. The light source for the 
experiments was a Spectra Physics model 3900 Tirsapphire laser 
(Spectra-Physics, Mountain View, California, USA), 1 W, 
pumped by 5 W of a 532 nm Spectra Physics Millenia Pro 
10 W CW Nd:V0 4 laser. For the purpose of our experiments, 
the laser operated at 755 nm, and the input power was adjusted 
to 20 mW using neutral density optical filters. The sample was 
illuminated by an optical fiber that was located inside the ESR 
cavity aid directed at the sample. This allowed simultaneous 
illumination and ESR detection. The produced O2" and OH* 
radicals were detected as the spin adducts DMPO—OOH and 
DMPO-OH, respectively. To verify if the DMPO-OH (or part 
of it) originates from DMPO-OOH degradation, we added 10% 
DMSO as a quencher of the OH* radical. 29 

Optical Absorption Measurements. Steady-State and Sub- 
micro to the Millisecond Time Domain Measurements. Steady- 
state op:ical absorption spectra were recorded by a Thermo 
Scientific-Evolution 300 UV- visible spectrophotometer. Sub- 
micro to the millisecond time domain absorption measurements 
and lum: nescence measurements were performed as previously 
described. 24 

Time-Resolved Measurements at the Femtosecond to Pico- 
second Time Domain. The femtosecond laser system consists 
of sevenl commercially available components. The system is 
driven by a mode-locked Ti: sapphire oscillator (Spectra Physics 
Tsunami) pumped by a CW diode pumped Nd:YV04 laser 
(Millennia X). The oscillator produces a train of <100 fs pulses 
(bandwidth ~10 nm fwhm), with a peak wavelength at around 
815 nm, typically of 850 mW, corresponding to M0 nJ per 
pulse. The weak oscillator pulses are amplified by a chirped 
pulse regenerative amplifier (CPA) (Spectra Physics Spitfire). 
The pulses are first stretched to about 200 ps, then regeneratively 
amplified in a Ti: sapphire cavity, pumped by a pulsed Nd:YLF 
laser (Spectra Physics Evolution-15 operating at 1 kHz). After 
the pulse has been amplified and recompressed, its energy is 
about 1.0 mJ in a train of 1 kHz pulses. An independent pump 
pulse is obtained by pumping an optical parametric amplifier 
(Spectra Physics OPA-800CF) that produces 120 fs pulses 
tunable ;xom 300 nm to 3 //m. 

The output power of the OPA ranges from a few microjoules 
to tens of microjoules (depending on the chosen wavelength) 
at 1 kHz. The pump beam is mechanically chopped at half the 
amplifier repetition rate. The chopper (C-995 TTI) is synchro- 
nized to the Spitfire amplifier. Normally a few thousand pulse 
pairs are averaged to produce a transient absorption spectrum 
with a noise level below 0.3 mOD. 

A smiill portion of the remaining amplified pulse is used to 
generate a white light continuum as a probe pulse. To this end, 
the TiiSc.pphire beam is focused onto a 3 mm thick sapphire 
disk by a 10 cm focal length lens, and the numerical aperture 
of the beam is controlled by an iris placed in front of the lens, 
which helps to obtain a stable and smooth white light continuum 
(Riedle, E., private communication). The resulting beam is 



passed through a short pass filter to remove the remains of the 
fundamental beam from the white fight continuum. 

The pump and probe pulses are crossed in the sample at a 
small angle, while maintaining a magic angle between the pump 
and probe polarizations. The remains of the pump pulse are 
removed by an iris, and the probe light is imaged onto an optical 
fiber that brings it into an imaging interface that focuses the 
light onto the entrance slit of a Jobin Yivon Truix 180 
spectrograph. The light is normally dispersed by a 300 1/mm 
grating onto a fast CCD camera (Andor Newton DUr970N- 
UV, operating at 1000 spectra per second using "crop mode"). 
The whole setup is controlled by a PC running National 
Instruments Lab View. The time domain is scanned by delaying 
the pump pulse relative to the probe pulse using a hollow retro- 
reflector mounted on a motorized translation stage (Aerotech, 
ALS130). 

Gel Electrophoresis. Sodium dodecyl sulfate polyacrylamide 
gel— electrophoresis (SDS~ PAGE) was performed using 1% 
polyacrylamide separating gel and 10% polyacrylamide stacking 
gel. Samples were diluted in a sample buffer, and the reference 
was the dual-color (Bio-Rad). 

ESI— MS. Prior to mass spectrometry analysis, the samples 
were filtered in PD-10 columns (Sephadex G-25) and desalted 
using Porous Rl resin (ABI, Framingham, USA). The resin was 
equilibrated with 10 f£L of 5% formic acid. An amount of 5 juL 
of the sample was applied to the Rl desalting column and 
washed with 5 fiL of 5% formic acid three times. The samples 
were eluted by 50% methanol (MeOH) and 5% formic acid. 

Human serum albumin mass spectra were acquired on an API 
300 triple quadrupole mass spectrometer (ABI, Sciex, Concord, 
Ontario) using a nanoelectrospray ion source (Protana A/S, 
Denmark). 

Molecular weight was determined by Analyst 1.4 software 
through the deconvolution of the multiply charged ions ol stained 
after scanning the first quadrupole (Ql), operating in the positive 
mode. The typical ion source parameters are as follows: ion 
spray voltage 1.5kV, declustering potential (DP) 80 V, focusing 
potential (FP) 380 V, entrance potential (EP) 10 V, deflector 
-100 V, channel electron multiplier (CEM) 2700 V. 

Electrochemical and SpectroelectrochemicaJ Measure- 
ments. Cyclic Voltammetry (CV) Measurements. Cyclic vol- 
tammetry (CV) of WST11 (1.4 x 10" 4 M) in acetonitrile (AN) 
was measured by using a three-electrode configuration at 25 
°C. The working electrode was an Au electrode (1.6 mm 
diameter, BAS), and the counter electrode was a platinum wire. 
Potentials were measured vs Ag/Ag + reference electrode (BAS, 
0.1 M AgN0 3 , 0.6 V vs NHE). Supporting electrolyte was 0.1 
M tetrabutlyammoniumfluoroborate (TBAF). Previous to each 
measurement, the working electrode was polished by the BAS 
polishing kit followed by several minutes of sonication in double 
distilled water and a thorough washing with methanol and 
electrolyte solutions. 

Spectroelectrochemical Measurements. Spectroelectrochemi- 
cal measurements of WST11 in AN were performed in a 
specially designed cell (optical path length of 500 fim) that was 
fitted to the cuvette holder of a Thermo Evolution 300 
UV— VIS— NIR spectrophotometer. A transparent indium tita- 
nium oxide slide (ITO, sigma-Aldrich) served as the working 
electrode and a platinum wire as the auxiliary electrode. 
Potentials were measured vs a thin Ag/Ag + reference electrode 
(custom-made, 0.1 M AgN0 3 , 0.6 V vs NHE). The ITO slide 
and the Pt wire were attached to electrical connectors that were 
mounted to a Teflon cover. The reference electrode and a thin 
tube (2 mm diameter, used for N 2 purging) were inserted into 
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Figure 1, Photodegradation of 25 fM WST11 solutions under illumination at 755 nm (20 mW) for 10 min in (a) PBS and (b) PBS + 500 fxM 
HSA. 



the solution through dedicated apertures in the Teflon cover. 
The sample solutions were thoroughly degassed by N2 for 30 
min. To maintain anaerobic conditions, a moderate gas flow 
was maintained within the cuvette on top of the solution. The 
supporting electrolyte was 0.1 M tetrabutlyammom^mfluorobo- 
rate (TB,\F). Monocationic and monoanionic species of WST1 1 
were electrochernically generated by setting constant oxidative 
or reductive potentials (+600 and -1100 mV vs NHE, 
respectively). The measurements were performed at 25 °C. 

Dissolved Molecular Oxygen Measurements. Oximetry 
measurements were performed by an ISO2 dissolved oxygen 
sensor (Clark type, 2 mm diameter, World Precision Instru- 
ments). The electrode tip was inserted into the spectroscopic 
cuvette through an appropriate aperture, allowing concomitant 
monitoring of dissolved oxygen concentration and optical 
UV-VLS-NIR absorption. 

Fluorescence Analysis. Fluorescence analysis was performed 
using a Cary Eclipse Fluorescence Spectrophotometer from 
Varian (Australia, Pty Ltd.). Samples were analyzed using a 
quartz cuvette. The results represent the mean of five measure- 
ments. 

Results 

Spectral Changes of WST11 in Aqueous Solutions, In 
Response to Continuous VIS— NIR Illumination. Figure 1 
illustrates the response of WST11 in different solutions to 
continuous illumination at 755 nm. 

The UV- VIS -NIR spectra of [M]-Bchls are composed of 
four well-resolved transition bands, 30-33 designated in order of 
increasir g energy as g>-, G*> and B y (the x and y captions 
assign the symmetry axis along the pi system of the Bchl 
molecule). In PBS solution (Figure la), the four transitions are 
located it 750, 530, 390, and 340 nm, respectively. Upon 
illumination, these transition bands rapidly bleach, whereas new 
transitions at 647 and 410 nm emerge. These two transition 
bands are typical to chlorines the oxidized form of [Pd]- 
substituted Bchls, 24 indicating that WST11 undergoes photo- 
oxidation upon illumination. Under anaerobic conditions, this 
process does not occur, as implied by the stability of the 
corresponding optical absorption spectrum (data not shown). 
Addition of HSA to the aerobic solution greatly retards the 
photo-oxidation process (Figure lb). Moreover, the photochemi- 
cal products are different, presenting very weak absorption in 
the VIS region with a maximum at 580 nm. Importantly, at the 
working concentration of WST11 (25 //M), the Q y transition 
undergoes broadening and exciton splitting, typical of Bchl 
. 34-36 These aggregates undergo monomerization upon 
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Figure 2. Cyclic voltammetry measurement of WST1 1 (500 ^M) in 
aerated AN recorded at a scan rate of 75 V/s. The four detectable waves 
and the corresponding half -wave potential values are indicated and 
reported vs NHE. The positive half-wave potentials, designated as 
Eta and refer to the first and second oxidation of the Bchl pi system, 
respectively (formation of cation radical and dication species). The 
negative half-wave potentials, designated as Em and refer to the 
first and second reduction of the pi system, respectively (anion radical 
and dianion species). 



adding HSA, and the excitonic transitions collapse as depicted 
by Figure lb, consistent with our previous report. 14 

Electrochemistry and Spectroelectrochemistry of WST1L 
Figure 2 shows the CV response of WST11 in AN under 
anaerobic conditions. 

The voltammogram features four quasi-reversiblej ring- 
centered (ring-centered refers to oxidation or reduction of the 
Bchl pi system as opposed to metal-centered reactions that occur 
on the central metal) oxidation waves. 37 The half- wave potentials 
of the mono- and dication species (mono- and dication species 
are products of first and second ring-centered oxidation pro- 
cesses, respectively) are 484 and 841 mV vs NHE, respectively. 
The half-wave potentials of the mono- and dianion species are 
—986 and -1556 mV vs NHE, respectively. The oxidation 
potentials of WST11 are less positive by ~ 100 mV th an the 
corresponding oxidation potentials of previously characterized 
[M]-Bchl compounds. 37,38 In this respect, this finding implies 
that WSTll can be oxidized more easily then the WST09 
derivative and therefore provides favorable thermodynamic 
conditions for the formation of the OJ ' radical. 

Figure 3 depicts the spectral changes introduced by the 
reversible and irreversible products of one-electron electro- 
chemical oxidation and reduction of WSTll in AN under 
anaerobic conditions. Figure 3a shows the difference spectra 
of neutral WSTll and its electrochemical products obtained 
under a mono-oxidizing or reducing potential. Notably, ithe Q y 
and Q x of WSTll in AN are blue-shifted relative to their 
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Figure 3. Difference spectra of neutral WST11 and its electrochemically produced species: (a) dashed line, difference of neutral and mono- 
oxidized species; solid line, difference of mono-oxidized and back-reduced species; (b) dashed line, difference of neutral and monoreduced Species; 
solid line, difference of monoreduced and back-oxidized species. 
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Figure 4. Time-resolved spectra of WST11 in (a) PBS, (b) PBS + 150 HSA, (c) MeOH, and (d) AN. The measurements were canjied out 
under anaerobic conditions. Data collection time was 45 min per transient 



position in PBS and peak at 744 and 514 nm, respectively, while 
the B x and B y slightly red-shifted and peak at 383 and 326 nm, 
respectively. The electrochemical oxidation induces bleaching 
of the major transition bands of WST1 1 at 382, 514, and 744 
nm and z.n absorption increase at 448, 548, and 821 nm, where 
the latter is the most prominent transition band. Upon the back 
reduction process, the bleaching of these bands allows their 
assignment to the cationic WST11+. The electrochemical 
reduction results in a similar bleaching pattern but a significantly 
different absorption increase, with major transitions at 411 
(strong) and 824 (weak) nm (Figure 3b). The reaction revers- 
ibility is ~50% and —30% for the oxidation and reduction 
processes, respectively. The rest of the compound was irrevers- 
ibly degraded to the bacteriochlorine form, indicated by the 
transition band at —640 nm. 24 - 30,32,33 

Time- Resolved Changes in the Optical Absorption of 
WST11 in Response to Pulsed Illumination at the Femto- 
to Picosecond Time Domain. Figure 4 illustrates the ultrafast 
response of 25 pM WST1 1 in different solutions to 120 fs light 
pulses at 525 nm (pump pulse energy 2.3 pj, which did not 
induce significant degradation after several measurement sets). 



The corresponding kinetic parameters of the transient absorption 
and bleaching recovery are given in Table 1. 

The 750 nm absorption and the accompanying shoulder at 
715 nm undergo instantaneous bleaching. The bleaching is 
accompanied by an absorption increase at 585, 625, arid 670 
nm. Between 10 and 15 ps, about 75% of the bleached spectrum 
recovers, and the transient absorption decays to a longer 
state (at 585 nm, Figure 4a), at a rate of 1.2 x 10 11 s" 1 
1). In the presence of HSA (Figure 4b), the absorption 
Q y domain bleaches as a single band (in agreement with the 
proposed monomerization of the compound), 14 and 20% of 
the bleached spectrum recovers at a rate of 4.5 x 10 10 s 
1). An additional 10% recovers at a rate of 6.6 x 10 9 s~ l (Figure 
4b and Table 1). The rest appears as a long-living state that 
decays in the nano/millisecond time domain (see below)] fairly 
similar to the yield and decay rate of the long-living excited 
form of WST09 24 The transient absorption and bleaching of 
WST11 in response to the 120 fs pulses in MeOH and AN 
(Figure 4c and d, respectively) appear similar to those observed 
in the HSA solutions, but the corresponding rate constants for 
30% recovery are about half (2 x 10 10 s" 1 , Table 1). Importantly, 



living 
(Table 
in the 



8032 J. Phys. Chem. A, Vol 113, No. 28, 2009 Ashiir et al. 

TABLE 1: Kinetic Parameters of the Transient Absorption and Bleaching Recovery of WST11 in Different Solutions j 

WST11 in PBS 



r(ps) [*«/*)] 


585 nm^ 625 nm^ 
7.9 ±2 5.2 ± 0.5 
[1.2 x 10 u ] [1.9 x 10 11 ] 


670 nm a > b 
4.7 ± 0.4 
[2 x 10 11 ] 


715 nm* 
5.4 ±0.1 
[1.8 x 10 11 ] 


750 nm* 
4.8 ±0.1 
[2 x lOj 1 ] 


R 2 


0.32 0.66 


0.70 


0.99 


0.99 






WST11 in PBS + 150 HSA 


WST11 inMeOH 


WST11 


in AN 




r(ps)[*(l/s)] 


761 nm* 

24 ± 11, 152 ± 6 [4.5 x 10 10 , 6.6 x 10 9 ] 


755 nm* 

50 ± 3 [2 x 10 10 ] 


752 nm* 

50 ± 13, 226 ± 75 [2 x 10 10 , 
4.4 x 10 9 ] 




R 2 


0.98 


0.79 


0.96 
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Figure 5. Time-dependent changes in optical absorption of 25 fiM WST1 1 + 150 t uM HSA in PBS after 532 nm pulsed excitation (5 ns pulse 
duration), (a) Oxygen-saturated solution; (b) argon-saturated solutions. During this experiment, total exposure time to white monitoring ljght did 
not exceed 5 s. Each data point was obtained by a single laser flash (energy ~-1.5 mJ). 
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Figure 6. (a) The 1272 nm emission due to a single, 5 ns flash excitation at 532 nm of WST11/HSA/D20 solution saturated with argon (rsd line) 
or molecular oxygen (black line), (b) The 1272 nm emission due to excitation of Rose Bengal in oxygen-saturated solutions. 



the transient absorption of WST11 in PBS features peaks 
between 500 and 700 nm (Table 1). This can be carefully 
attributed to the cationic form of WST1 1 as derived from Figure 
3a, with some red shift that reflects the solvent effect. 

Measurements at the Sub-microsecond to Millisecond Time 
Domain. Figure 5 presents the long-living transient optical 
absorption of WST11 in PBS\HSA solutions, under oxygen or 
argon saturation, from the submicro- to the millisecond time 
range. 

While the two spectra appear similar, saturation with argon 
gives rise to an absorption increase at 605 nm that partly 
bleaches during the first microsecond after excitation in the 
oxygen-saturated solutions. Although the difference between 
the grouid and long-living excited state of WST11 resembles 
the one observed for WST09, 24 there are several profound 
differences. First, WST11 presents transient absorption at 418 
nm that is several times stronger than the absorption of WST09 



at this wavelength region. Second, the VIS absorption of \^ST1 1 
includes shoulders that extend beyond 605 nm, whereas WST09 
presents a single absorption increase at 575 nm. To gain a better 
insight into the origin of the long-living transient absorption, 
we examined the NIR emission of WST1 1 in PBS/HSA solution 
under argon or oxygen saturation. The results are presented in 
Figure 6a. 

Typical to both Bchl triplets is the fairly strong emission 
(phosphorescence) at ~1 160—70 nm that extends up to 1272 
nm. 24,39 This emission can overlap the emission of singlet 
oxygen. 24 - 39 Thus, the 1272 nm emission of aerobic solutions 
of Bchl derivatives can be contributed by both the Bchl triplet 
state and photodynamically generated singlet oxygen molecules. 
Fortunately, the decay rate of the Bchl phosphorescence is larger 
by more than an order of magnitude than the singlet oxygen 
decay in D 2 0 solutions, thus enabling good resolution of the 
two. 24 Table 2 summarizes the corresponding kinetic parameters. 
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TABLE 2: Kinetic Parameters of WST11 Transient 
Absorption at the Sub-microsecond to Millisecond Time 
Domain 

oxygen-saturated solution argon-bubbled solution 



r("s) [*(l/s)] 
standard 2iror 



1.72 [5.8 x 10 5 ] 
0.04 



4.22 [2.4 x 10 s ] 
0.13 



The phosphorescence signal in the argon-saturated solution 
decays at a rate of 2.4 x 10 5 s _1 and at a double rate of 5.8 x 
10 5 s -1 in the oxygen-saturated solution. No significant change 
in the sig nal amplitude was observed in the presence of oxygen. 
Figure 6b illustrates the decay of the 1272 nm emission 
(excitation at 532 nm) generated by Rose Bengal in PBS/HSA/ 
D 2 0 solution that have the same OD at 532 nm. The rate 
constant of the 1272 nm generated by Rose Bengal, which is 
uniquely identified with singlet oxygen emission, is by far 
smaller (0.1 x 10 5 s -1 ), as we previously reported. 24 Cumula- 
tively, our data exclude the formation of singlet oxygen by 
photoexcited WST11 in aqueous solutions. In the absence of 
singlet oxygen generation, only OH" and O2 ' radicals can be 
generated by the photoexcited WST11. To better identify the 
evolved ROS, we utilized the ESR technique. 

Generation of ROS by Photoexcited WST11 in the 
Absence of Serum Albumin. Figure 7 shows the ESR spectra 
of the photogenerated and spin-trapped OH" and Oj* radicals 
upon illumination of WST1 1 in PBS solution, using DMPO as 
the spin trap. 

Verifying the Genuine Production of Oj* and OH* Radicals. 

A shortc oming of using DMPO as a spin trap is the rapid 
decomposition of the DMPO-OOH adduct to DMPO-OH. To 
overcome this problem and to verify the production of a genuine 
OH" radical in our system, we used the selective 5-diethoxy- 
phosphoiyl-5-memyl-l-pyrroline AT-oxide (DEPMPO) spin-trap, 
as previously described. 24 The DEPMPO— OOH adduct does 
not degrade to the DEPMPO— OH adduct, therefore allowing 
selective trapping of OH* and OJ * radicals. Figure 8 presents 
the experimental and corresponding simulated ESR signals of 
the DEPlvlPO-OOH and DEPMPO-OH spin adducts, obtained 
upon illumination of WST1 1 in PBS. 

This result confirms that WST1 1 produces both OH" and OJ " 
radicals in aqueous solutions. The concentrations of the pho- 
togenerated radicals were calculated using the following equations: 



r^TT^i ^DEPMPO-OH r . , r ^DEPMPO-OOH r _ 

[OH ] == [stn] and [0 2 ] = [stn] 



In these expressions, Sdepmpo-oh anc * Sdepmpo-ooh are the 
integrated ESR signal of DEPMPO-OH and DEPMPO-OOH, 



Experimental 

-VVVW"=+rH- 

Figure 7. ESR spectra of the photogenerated ROS upon illumination 
of WST1 1 (100 ^M) at 755 nm (20 mW, 2 min) in PBS. (a) Signal of 
DMPO-OOH. The signal was acquired in the presence of 10% DMSO 
used as an OH* radical quencher. Simulation parameters: a N = 13.98, 
aw = 11.26, a H y = 1.27, R = 0.91. (b) Signal of DMPO-OH; 
simulation parameters: a N = 14.88, a n = 14.68, R = 0.99. DMPO 
concentration was 80 mM. 



respectively. S stn is the integrated ESR signal of a standard ([3- 
carboxy-PROXYL]). Accordingly, the obtained concentration 
values for the OH" and O2' radicals are 5 and 10 /*M, 
respectively. The number of radicals generated in the; entire 
experimental volume V is 1 

*W = - 1.5 x 10 14 mdN 07 = N A [0; m ]V = 



singlet 
Upon 



3.0 x 10 14 

where N A is the Avogadro number and V = 50 fit. The energy 
needed to generate these radicals, 2.4 J, was delivered by 9 x 
10 18 photons at 755 nm through an optical path of 0.2 cm.! Using 
eq 13 in Vakrat et al. 24 for 100 fM WST11, and assuming a 
similar cross section of absorption for WST1 1 and WST69 (1.2 
x 10" 16 cm 2 ), we found that the delivered energy could generate 
5 x 10 17 WST11 molecules in the excited triplet state (e.g., 
under anaerobic conditions). Figure 4b shows that ~70% of 
WST1 1 molecules that were excited to their first excited 
state (in one 120 fs pulse) relaxed into their triplet state 
collision with ground-state oxygen, ~66% of the formed 
complexes (i.e., those having a spin multiplicity of 1) can make 
ion pairs. 40,41 Thus, the apparent quantum yield of O2 ' and OH 
radicals can reach 4.5 x 10 14 /2.3 x 10 17 - 2 x 10" 3 or 0.2% 
in the PBS solution (using eq 14 in Vakrat et al.). 24 However, 
each oxidized WST1 1 undergoes irreversible degradatiori under 
aerobic conditions and in the absence of compensating reducing 
agents, as previously explained for WST09. 24 Following these 
constraints, the integrated number of the photoexcited WST1 1 
molecules in the singlet state is significantly reduced, and the 
quantum yield for radical formation should be markedly 
than the above value. Indeed, such higher yields are o^emon 
stated below in the presence of HSA. 

Generation of ROS by Photoexcited WST11 in the 
Presence of Human Serum Albumin. Figure 9 shows the effect 
of HSA on OH' radical generation by WST11 upon consecutive 
illumination-reoxygenation cycles in the presence and absence 
of HSA. 

The sample (1 mL of 100 pM WST11) was placed in an 
optical cuvette of 0.5 cm path length where it was periodically 
illuminated for 2 min at 755 nm (20 mW). After each 
illumination period, an aliquot of 50 fjL was examined by ESR 
while the sample in the cuvette was introduced to a stream of 
oxygen under dark conditions until saturation of dissolved 
oxygen was reached. This light— dark— reoxygenation cycle was 
repeated until the complete degradation of the WST11— HSA 
complex (monitored spectroscopically as in Figure lb), After 
the first period of illumination, the concentration of DMPO-OH 



Figure 8. ESR spectra of DEPMPO-OOH and DEPMPO-OH 
adducts obtained upon illumintion of WST1 1 (100 (jM) at 755 nm (20 
mW, 2 min). (a) Signal of DEPMPO-OOH. The signal was acquired 
in the presence of 10% DMSO used as an OH* radical quencher. 



Simulation parameters: a p = 50.3 G, a N = 13.8 G, a H = H-l 



G. (b) 



Signal of DEPMPO-OH, obtained by subtracting the pure DEPMPO- 
OOH signal from the original mixed signal. Simulation parameters: a p 
= 47.0 G, a>i = 13.5 G, a H - 14.0 G. DEPMPO concentration was 
170 ^M. 
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100 pMWSTll 
lOO^MWSTll 
+ 500 nM HSA 




1 2 

Cycle number 

Figure 9. Effect of HSA (500 /M) on the photogeneration of OH' 
radical by WST11 (1 mL of 100 WST11 in PBS, placed in an 
optical cuvette). The sample was illuminated periodically for 2 min at 
755 nm (20 mW). After each illumination period, an aliquot of 50 fih 
was examined by ESR, while the cuvette was introduced to a stream 
of moleculir oxygen. This was repeated until the complete degradation 
of the WST1 1 -HSA complex (monitored spectroscopically). 
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Figure 10. Effect of HSA on the DMPO-OOH ESR signal. [WST1 1] 
= 100 ,«M f [DMPO] = 80 mM. Illumination was performed for 10 
min at 75f nm (20 mW). 



reached a fairly similar level as in the sample that did not contain 
HSA. However, after a second period of illumination, in the 
absence of HSA the concentration of DMPO-OH decreased 
by 85% relative to the first illumination period, whereas in the 
presence of HSA, the concentration decreased only by 40%. In 
the third cycle, no radicals were produced in the non-HSA 
solution, while in the presence of HSA, OH" radicals were 
produced at 15% of the initial yield. Altogether, the concentra- 
tion of the trapped OH" radical increased by more than 2-fold 
in the presence of HSA, reaching a total value of 12 ptM under 
the applied experimental conditions. 

Figure 10 shows that addition of HSA quenched the spin- 
trapped OJ* to about 10% of its value in the absence of HSA. 

The addition of oxygen and the application of periodic 
illuminat on as described above did not affect the concentration 
of the DMPO-OOH adduct. These findings suggest that either 
the generation of 0£" radicals is significantly lowered in the 
presence of HSA or that the radicals rapidly interact with the 
protein. 

Effect of HSA on Oxygen Consumption during WST11 
Illumination in Aqueous Solutions. Generation of reactive 
oxygen species upon illumination of WST1 1 is accompanied 
by rapid consumption of molecular oxygen. In fact, we have 
recently found that this is an important part of the VTP 
mechanism in vivo. 42 Hence, we independently explored the 
consumption of molecular oxygen under illumination of 
WST11-HSA solutions. Figure 11a (left side) shows that in 
the absence of HSA molecular oxygen is consumed at a rate of 
0.23 juM s" 1 and levels off after 1 1 min of illumination. At that 
time, WST1 1 undergoes complete bleaching and is converted 
into a bawteriochlorine type molecule (Figure 11a, right side). 



Figure 1 lb (left side) shows that upon adding HSA to WST1 1/ 
PBS solution the light-induced consumption of molecular 
oxygen is significantly enhanced in terms of kinetics and yield. 
Under these conditions, 20 min of illumination brought about 
the complete depletion of 270 fiM of dissolved molecular 
oxygen at a rate of 0.86 pM s" 1 . Yet, only —30% of the 
WST11-HSA complex has been degraded (Figure lib, right 
side). Oxygen replenishment of the solution to the level of 
saturation during a short dark period (15 s) followed by 6.5 
min of illumination resulted in the consumption of additional 
270-300 /aM molecular oxygen at a rate of 1.7 fiM s" 1 (Figure 
1 lc, left side) and additional 30% degradation of WST1 1 (Figure 
11c, right side). An additional oxygen replenishment; and 
illumination of the sample ended after 4.5 min with another 
depletion of 230 fiM molecular oxygen at a rate of 2.15 f*M 
s" 1 (Figure 1 Id, left side) and the complete degradation of the 
WST11-HSA (Figure lid, right side). 

Altogether, 750-800 compared to 50 pM of molecular 
oxygen was consumed upon illumination of 100 juM WST11 
in the presence and absence of HSA, respectively. 

Quantum Yield for Oxygen Consumption by WST11 in 
Aqueous Solutions Containing HSA. Using the second and 
third cycles, we calculated the apparent quantum yield for 
oxygen consumption by light-excited WST11. The linear 
consumption of oxygen in each of these cycles continued for 
~60 s during which 4.5 x 10 18 photons at 755 nm were 
delivered. This delivery generated 1.3 /*M of OH" radicals 
(Figure 9) and consumed 150 pM of molecular oxygen (Figure 
11c and d). Since the calculated quantum yield foi OH # 
generation by WST11 in the excited triplet state is 0.2% (see 
above), the calculated quantum yield for oxygen consumption 
by this compound in the presence of HSA is 21%, one-third of 
the upper limit expected (assuming a charge transfer mechanism 
that involves the spin 1 multiplicity of the collision complex 
between molecular oxygen and WST11 at the excited triplet 
state). 40,41 Since no singlet oxygen could be detected b^th in 
the absence (data not shown) and in the presence of HSA (Figure 
6), we can conclude that the oxygen consumption involve 1 only 
reduction by the noncovalent WST11-HSA complexes. How- 
ever, since only 1.3 pM of such radicals was trapped, trie rest 
should interact with the protein molecules. 

Oxidation of HSA by ROS, Generated through Excitation 
of WST11-HSA Noncovalent Complexes. Although both 
oxygen consumption and spin-trapped radical concentratic ns are 
increased upon adding HSA to the WST1 1 solutions, the former 
is —15 times higher than the latter. At the same time, the 
photochemical degradation of WST1 1 is dramatically atten uated. 
Thus, the value of [consumed WSTll]/[consumed 0 2 ] is 1.5 
and 0.1 in the absence and presence of HSA, respectively. Still, 
there is no apparent difference in the overall concentration of 
spin-trapped ROS (07* and OH*) in the two examined solutions. 
This discrepancy prompted us to look for possible interactions 
of the photogenerated ROS with the HSA molecules. 

Reactions of ROS with serum proteins are comrr.on in 
biological contexts; the oxidation of Trp residues by ROS is 
the most commonly reported pathway. 43 ' 44 Moreover, interaction 
of singlet oxygen with HSA during PDT with porphyrins has 
been reported 45 Nevertheless, to the best of our knowledge, 
this interaction has never been quantified. Peroxidation of serum 
proteins may slightly increase their molecular weight and/or 
drive cross-link formation between several HSA monoproteins. 
The above should result in mass changes that can be monitored 
by gel electrophoresis if large enough or by mass spectrometry 
if the peroxidation involves small changes. I 
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Figure 11. Light-induced oxygen consumption of WST11 (100 fxM) during illumination at 755 nm (20 mW) and the corresponding spectral 
evolution: (a) oxygen consumption during 11 min illumination of WST11 in the absence of HSA; (b) first cycle of oxygen consumption in the 
presence of HSA (500 -hM) and 20 min of illumination; (c) second cycle of light-induced oxygen consumption: after cycle b ended, the solution 
was replenished by oxygen (dark period of 15 s) and then illuminated for a period of 6.5 min; (d) additional cycle of light-induced oxygen consumption: 
following the ending of cycle c, the solution was replenished by oxygen (dark perdion of 15 s) and then illuminated for a period of 4.5 min. 



Gel electrophoresis of HSA collected from samples of WST11 
after extensive illumination did not reveal any significant cross- 
link formation (not shown). However, ESI— mass spectrometry 
of HSA before and after PDT was monitored revealed a mass 
increase of 224 g/mol (Figure 12) in the HSA fraction that was 
bound to WST11 during illumination (collected as the colored 
fraction). 14 

This additional mass corresponds to seven molecules of 
oxygen added to each molecule of HSA during the entire 
period of illumination. Since more than 90% of the WST11 
molecules are bound in a 1:1 complex with HSA, the 
WST11--HSA concentration is MOO ^M, accounting for 
—700 out of the 750-800 fiM of consumed oxygen 
molecules. 



Unfortunately, we were not able to isolate and directly 
identify the affected residues; however, HSA contains a single 
tryptophan (Trp) that was involved in different redox 
reactions with attached ligands 46 - 47 and is close to one of the 
putative porphyrin binding sites in HSA. To determine 
whether this Trp residue is close to the bound WST] 1, we 
followed its fluorescence at different relative HSA and 
WST11 concentrations, both in aerobic and anaerobic solu- 
tions (after extensive purging with argon). To avoid any 
fluorescence admixing from the multiple Tyr residues in the 
HSA scaffold, excitation was performed at 295 nm which is 
sufficiently far from Tyr absorption at 280 nm (as recently 
reported by Rolinsky et al. 48 and previously suggested by 
Lakowitz 49 ) using narrow slits. As illustrated in Figure 13, 
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Figure 12. ESI-MS spectra of HSA before (a) and after (b) the introduction of WST1 1 in PBS, The analysis was done after illumination 
samples at 755 nm (20 mW, 10 min). 
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Figure 13*. Fluorescence of the HSA's tryptophan residue at different 
concentrations of WSTll. Aex, 295 nm; 310-400 nm. [HSA] = 
5^M. 



we could clearly monitor the quenching of the fluorescence 
of this Trp residue upon adding WST11 regardless of the 
oxygen content, suggesting energy transfer to the very weakly 
NIR fluorescing WSTll. 

We therefore propose that WST11 is bound at a close distance 
to the Trp and that part of the generated radicals interact with this 
residue. r rhis hypothesis as well as the search for other specific 
interactions is currently under investigation in our group (see 
Discussion below). 

Discussion 

In this study, we monitored ROS photogeneration by WST1 1 
in buffensd aqueous solutions with no added amphiphilic agents. 
Specifically, we examined the effect of HSA, the major carrier of 
WSTll in the circulation and a well-recognized antioxidant 
agent, 50- * 5 on the profile and dynamics of the photogenerated ROS 
as well as regarding the details of the concomitant oxygen 
consumption. We showed that in both the absence and presence 
of HSA the primary photogenerated ROS are OT and OH" radicals 
with no detectable singlet-oxygen generation. This observation 
infers that WSTll— VTP, where the sensitizer is illuminated in 
the lumen as a WSTll -HSA noncovalent complex, is most 
probably mediated by type I (electron transfer) and not type II 
(energy ti*ansfer) processes. In PBS solutions, oxygen consumption 
and the related generation of OH" and Or radicals were ac- 
companied by consumption and degradation of a similar number 
of WST1 1 molecules. In contrast, upon adding HSA (at physi- 



of the 



ological concentrations), each molecule of WSTll drove the 
consumption of 8-9 molecules of oxygen before degradation by 
radical formation. Since each molecule of WST1 1 can provide only 
1—2 electrons upon monochromatic excitation before undergoing 
oxidative degradation, additional electrons had to be provided, most 
probably from the HSA proteins that underwent complexation with 
WSTll. This suggests that WSTll photocatalyzed the electron 
transfer from the bound HSA molecule into the colliding oxygen 
molecules through several cycles. As Figure 3 illustrates, both the 
cation and anion of WST1 1 are fairly stable and can participate in 
reversible redox reactions. If electrons are rapidly provided, minimal 
degradation occurs. Thus, we propose that electron transfer from 
the excited WST1 1 (noncovalently bound to HSA) to a colliding 
oxygen molecule is immediately followed by a compensating 
electron transfer to the formed WSTll" 1 " cation species. Coverall, 
such oxidation and compensating reduction should result in only 
small changes of the ground-state absorption (Figure 3, considering 
the irreversible degradation to the oxidized form of WSTll as 
depicted by the 640 nm transition band) but should acceleiate the 
decay of the excited triplet state, as obtained here (Table 2 and 
Figures 5 and 6). There are several possible sources for the electrons 
provided by the HSA. Bound metals such as Fe 2+ or Cu 1+ are one 
such source. However, addition of the metal chelator desferox- 



amine 56 (20 mM) to the PBS/HSA solution did not reduce 



the rate nor the amount of oxygen consumption, and although the 
amount of trapped OH* radicals reduced, it was adequately 
compensated by a steep concentration increase of trapped Oj* 
radicals (data not shown). Thus, amino acid residues of the binding 
HSA are the most likely providers of the electrons. 46 The o:tidized 
HSA can undergo immediate nucleophilic reduction by the 
generated OJ # radicals but not by the OH" radicals. Additionally, 
the OJ" radicals can oxidize different residues of the HSA such as 
the nearby tryptophan, cystein, tyrosine, and methionin side chains. 
In this regard, the well-recognized antioxidative activity of HSA 
is most relevant 50-55 Several such cycles should result in significant 
generation of OH* radicals but minimal traces of Oj* species. 

Conclusions 

An excited WST1 1 molecule, noncovalently bound to the HSA 
skeleton, can transfer an electron to molecular oxygen to form the 
Or radical. In turn, the bound WST1 1 + cation accepts an electron 
from an HSA residue. This cyclic light-induced process proceeds 
until the protein loses its capacity to donate electrons as a result of 
extensive peroxidation in agreement with the observed HSA 
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damage, lliis finding and the accompanied detailed analysis suggest 
that WST11-HSA can be regarded as a simple reaction center 
unit that photocatalyzes oxidoreductive reactions as needed for ROS 
generation in YIP. Other evidence supporting the capacity of USA 
as an electron donor to different photoexcited molecules was 
recently published. 46 However, we are not aware of any evidence 
of a two-step process like the one suggested here. In view of our 
findings, it is expected that under fractionated light and in the 
presence of agents that can rapidly reduce the oxidized HSA, the 
ROS yield may be highly increased, having clear clinical implica- 
tions and ramifications. 

Furthermore, the regeneration of the WST1 1 photocatalytic redox 
center by electron mobilization from the protein closely resembles 
the regeneration of the active primary donors in PSII RC and 
genetically engineered RC of purple bacteria as reviewed in the 
Introduction. Thus, further studies of the presented HSA/WST1 1 
and simiLar systems is expected to shed light on the development 
of the light conversion machinery in biological photosynthesis and 
artificial systems. 
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